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PREFACE TO THIRD EDITION 


Many changes and several additions have been made in tlie new 
edition. So far as the teaching of Physics in the upper forms of 
schools is concerned, these are in conformity with tlie recommendations 
of tlie Cambridge Joint Advisory Committee for Physics wliicli pub* 
lished in l‘J44 syllabuses for Examinations taken by Si.vth Form 
Pupils. The experiments, however, cover most of the practical work 
required for a pass B.Sc. degree, and should also serve for other science 
students who require Physics as a subsidiary subject. Attention may 
be directed to tlie new ])aragraphs on the Teaching of Physics on 
pages ix-.\ii, which, it is hoped, may be of assistance to those responsible 
for arranging courses of instruction in practical work in a physical 
laboratory, whether elcmentar}' or advanced. 

The concept of energy is stressed throughout, and the increasing 
importance of vibrations and waves is reflected in the sections dealing 
with periodic motion in dynamics, in sound (wliere Lissajou’s figures 
are described) and especially in the final chapters on electrical oscilla¬ 
tions. An entirely new chapter on measurement of wave-length is 
provided at the end of the Light section. The rapid development of 
electromagnetism has led to considerable modifications of tlie sections 
of the book dealing with both magnetism and electricity, where many 
new features have been introduced ; more attention has beery paid to 
alternating currents. - ■ • . 

In its new format the book will be less bulky and sliould be more 
convenient for use in tlie laboratory. 

Our thanks are due to members of the staff of the Natural Philosophy 
Department in the United College, St. Andrews, for many valuable 
suggestions, and in special measure to Dr. David Jack who has com¬ 
pletely revised the chapter on Thermionic Valves in the light of several 
years’ experience in teaching Radio Physics. Mr. W. M. Witchell, 
superintendent of the Magnetic Department of the Royal Observatory, 
Greenwich, has kindly provided information as to the magnetic elements 
at various ol>servatories. Finally we wish to thank Sir Richard Gregory 
for his continued assistance so willingly given, and the printei-s for their 
careful work under difficult conditions. 

H. S. ALLEN 
H. MOORE 

Marcfk 1947 
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PREFACE TO SECOND EDITION 


In* our revision of the book before reprinting, \ve have considered 
carefully tiio (juestion of sign conventions in Geometrical Optics in 
tlie light of the Report published by the Physical Society in 1934. 
W'c came to the conehi.sion that no change was desirable in the body 
of tlie work, partly because of the confusion that would necessarily 
be caused while older copies of the work were still in use, but also 
because we believe the system liere used has much to commend it. 
Tlie sole object ior» wliich can be raised against these conventions is 
tliat the focal length of a converging lens is obtained as a negative 
ejuantity, whereas in the optical industry a converging lens is usually* 
called a positive lens. For those teachers or students who wish to use 
one of the alternative conventions suggested in the Report, we have 
given a brief account of them in a Supplement (p. 545), which should 
enable tlie optical experiments described in Part III to be carried out 
without difficulty. 

A numl)er of other additions and some corrections have been made, 
especially in the chapter on Thermionic Valves, and we wish to express 
our thanks to Dr. D. Jack and to Dr. A. M. Taylor, and to others wlio 
have made helpful suggestions. 


Januarij 1938 


H. S. ALLEN 
H. MOORE 


Besides other additions, two chapters are now included dealinf^ 

witli electromagnetic waves and thermionic valves. We arc indebted 

to Mr H. E. Hadley for the figures of a diode and a triode from his 

Everyday Physicf,, and to Dr. L. F. Richardson and Mr. R. S. Maxwell 
for valuable suggestions. 

H. S. A. 

September 1928 
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PREFACE TO FIRST EDITION 


In tcacliing Practical Physios at King's College, London, wo have 
employed for several years manuscript hooks of instnn-tions for experi¬ 
ments, each ])roviding a short descrijdion of tlie apj)aratus recpiired 
together with the necessary tlieory. But we have felt the need of 
j)ermanent records easily available for large numbers of students, and it 
islioped that this book,based on these laboratory instructions, will ])rove 
of service not only to our own students but also to those of other teacliers. 

The work is designed primarily to cover the Intermediate Pass 
Course^ in Science, Engineering, and Medicine of the University of 
London, but it is also suitable for Intermediate Honours candidates 
and for University Scholarships. Further, it meets tlie requirements 
of the (’ivil Service Commissioners in connection with Junior Appoint¬ 
ments, the Post Oftice(Engineers),and the Army Entrance Examination. 

No student could ))e expected to cover in one year the whole of 
this course, and a selection of suitable exjjeriments to meet the needs 
of particular students should be made by the teacher. Tlie fact that 
Engineering Students in the University of London are required to 
take a practical course in Applied Matliematics explains the presence 
of a larger number of experiments in practical mechanics than is usual 
in a text-book of Practical Physics. 

For corayiletencss, the scope of the book has been extended some¬ 
what and a limited number of more advanced experiments has been 
included. For example, a description of the simpler phenomena of 
Surface Tension, and of the elementary methods by which it can be 
mea.surcd, has been incorporated thougli not usually studied in an 
Intermediate Course. In the part dealing with Electricity will be 
found a number of experiments .suitable for students who are com¬ 
mencing the study of Electrical Engineering. 

Tlie volume in its present form covers the greater part of the W'ork 
necessary for a Pass Degree in Science in most Universities. 

Tlie letterpress has been divided so as to separate descriptions and 
theoretical discussions from those parts of the nature of laboratory 
instructions ; the latter are indicated by indenting the letterpress. 
Tlie teacher should select for each meeting of the class experiments 
suitable for the individual students, and it is a good plan for the student 
to be informed at the end of the day’s work what section he should read 
in preparation for the next practical class. 

Vll 
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viii 

!t is sclrloin that surticiont apparatiis is available for all students 
to lie wotkitie at the same experiment simulfatieoiisly, and it is usually 
impdssible to aiiati;re that eaeb individual student should follow the 
O.xaet order liere ei\ «-ti. 

The student must be warned against a prevalent idea that an 
exj)eriment is eompleted when the manipulations or observations are 
finislied. It must be made elear to him that the results must be calcu- 
late<l and eonsidered with care, and a record of the experiment be 
written in bis own words. 

Every experimental exerci.se should liave for its object the eluci¬ 
dation of physical principles, and we have kept in view the theoretical 
aspect of the experiments throughout this work. Stress has been laid 
on the degree of accuracy obtainable in an experiment, and the student 
has been shown how to conduct the measurements so as to obtain 
the host results with the means at his disposal. 

Most of the experiments described are such as can be carried out 

with simple apparatus. Many instrument makers advertise for 

laboratory use apparatus more adapted for lecture purposes. The 

apparatus used in a laboratory course should be such as will develop 

experimental and manipulative skill. Hence, although measuring 

instruments of precision are essential, the use of elaborate apparatus, 

sometimes almost automatic in its action, is to be deprecated in a 

laboratory for students. 

% 

An important educational aim, to be kept in mind by the teacher 
of Physics, is the development of men and women capable of doing 
good work in adverse or unfamiliar circumstances, and of carrying out 
original investigation and research. For this, facility in the handling 
of apparatus and co-ordination of hand, eye, and car are essential. 

Several additional exercises, many selected from College examina¬ 
tion papers, have been given at the end of each Part. 

Most of the diagrams have been drawn specially for this book, but 
we are indebted to Messrs. Macmillan & Co., Ltd., for a number of 
illustrations, and gladly thank the Cambridge Scientific Instrument 
Company and Messrs. R. W. Paul for several pictures of apparatus. 

Mr. F. Castle has been good enough to grant permission for the 
inclusion at the end of the volume of mathematical tables selected 
from his Logarithmic and other Tables for Schools. 

In conclusion, we desire to thank sincerely Sir Richard Gregory 
and Mr. A. T. Simmons for the great assistance they have rendered 
by invaluable suggestions and advice whUe the book was passing 
through the press. 


December 1915 


H. S. ALLEN 
H. MOORE 



THE TEACHING OF PHYSICS 


Kvery science student must (leal with knowledge derived from general 
exi)ericnce and also with that based on scientific observation, but tlic 
student of physics in a special degree is concerned with ‘ tlie systematic 
study of natural phenomena under conditions controlled ])y tlie investi¬ 
gator The scientific method is essentially experimental in character. 
In \ising this method we aim at studjdng one variable at a time. It is 
because of the difficulty of applying the principle of the isolation of 
the variables that the solution of social problems is so dillicult. 

In a well-known statement Lord Kelvin asserted that, until you 


can measure in numbers what you are speaking about, your know¬ 
ledge is meagre and unsatisfactory ; or as J. B. Biot said : ‘ All tliese 
things can be determined with certainty only by means of exact 
measurements which we shall seek later, but in the first place we 


must feel the necessity for this search In a stimulating lecture on 
the foundations of electrical measurement L. Hartshorn ^ accepts the 


definition of Norman Campbell : ‘ Measurement is the assignment of 
numerals to represent properties in accordance with sdentijic laws 
Tlie last clause stresses the need for a close and direct connection 


between the choice of numerals and experimental laws. Measurements 
may well be called fundamental when they are made by operations 
which enable us to judge equality, and to determine whether the laws 
of addition are satisfied. ‘ These operations constitute the real defini¬ 
tions of the properties.’ After a short account of the fundamental 
measurements of length, mass, time (or frequency), and angle the 
author goes on to show that there are at least three purely electrical 
projierties which can be measured with the highest precision by 
fundamental operations—they are resistance, mutual inductance, and 


capacitance. 

‘ The earlier investigators, owing to their following the conceptions 
of the ancients, generally obtained their propositions in the cumber¬ 
some form of proportions ’ (Mach). At the present time it seems 
quite natural for the scientific worker to state such a result in the 
convenient form of a simple equation expressing the fact that when 
the variable y is directly proportional to the independent variable x ; 
we may write y = kx, where is ‘ a factor of proportionality ’. We 
extend our observations over as wide a range as possible to find 


• Journal I.E.E. 91, p. 377, 1944; A'a/ure, 154, p. 534, 1944. 
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wlicthct thi'^ <ir cocrticieiit k is strictly a constant. In .such an 

iii.|iuiy tlu‘ familiar ^ra|iliical method is of jireat a<lvantage, and 
-h<>iil<i 1)0 con.'^istcntly used hy the stJident, who should also he en- 
coiira^'c<l to apply tlie idea of a constant factor, k, to the .so-called 
‘ laws ■ which are met with. Even so simple a question as the accelera¬ 
tion of a falling; IkxIv had never been stated clearly before the time of 


(lalileo, who wrote: ‘ It is requisite to know according to what pro¬ 
portion such an acceleration is made ; a problem that I believe wa.s 
never understocul hitherto by any philoso])her or mathematician, 
although philo.sojihers, and particidarly the peripatetics, have written 
great and entire volumes touclung motion This result serves as a 
good illustration of the danger of undue 'extrapolation’. We arc 
not justified in extending the range of our ‘ Jaw ’ beyond the range of 
our observations. Jn this ])articular instance the failure of the ‘ Jaw ’ 
of (Jalileo led Newton to the law of gravitation, and the failure 
of Newton’s law led to the development of the theory of relativity. 
It has been well said that we teach by the method of diminishing 
deception ! 

As in every physical laboratory there arc students of very different 
matliematical Unowknlgo and ability, it is desirable to select, so far as 
possible, experiments and method of treatment to suit individual 
students. As one illustration, two methods of approach are given to 
the subject of magnotometry (p. 340), the first being of an experi¬ 
mental character and the second being based on a more accurate 
matliematical development depending on the law of the inverse square 
of the di.stanee. The difference in outlook between the two types of 
stuflent coiTcsponds to an important distinction in the development 
of natural philo.sophy. Some prefer to work from the particular to 
the general, while othei-s find more mental satisfaction in following 
out the con.sequences of a general ‘ law ’ or principle. Both methods 
are valuable, and one should not he adopted to the entire exclusion 
of the other. 

In this book the automatic u.sc of a mathematicaJ formula has been 
discouraged. The ability to substitute numerical values in a given 
formula lias been termed ‘ the lowest order of mathematical intelli¬ 
gence . The student should look for the basic principle, not for a 
formula. 

fn this connection there must be emphasised the further fact that 
the intermediate steps in a calculation frequently represent physical 
magnitudes of great importance, more particularly when definite 
amounts of energy are involved. Tliis point is stressed in the Intro¬ 
ductory chapter, which the student should study at the outset 
before commencing experimental work. 


There is another problem related to the question of accuracy 



(see ]>p. i)-n) which may be inentioncfi here. In oommercml and 
indiistrial aiTairs rupidity of incasurcmcnt has hcoonie of the greatest 
imj)ortance. Now tliat physicists arc often concerned in tlie scientific 
develo])ment of mamifactming jirocesses, it is tlesirahle tliat more 
attention should he }>aid to speed in obtaining a result. In aeronautics 
it IS obviously es.sential tliat instruments used by the pilot or navigator 
should register the reijuircd Cjuantity almost instantaneously. Even 
in the elementary laboratory the range of experimental work is con¬ 
tinually increasing, and so it becomes desirable to shorten the time 
recjuired for individual exjierimcnts provided sufiicient accuracy is 
obtained. For example, there is a convenient tyjjc of gravity balance 
supplied under the name of the Butchart or Lever balance, which 
registei's tiie weight of a body by tbc deflection of a jiointer moving 
over a scale. Tlie scale is empirical but may be calibrated by using a 
box of weights. This is particularly useful for class deinon.strations, 
and it enables a student to carry out rapidly a number of weigliings 
in illustration of the principle of Arehimedcs or for the determination 
of relative density. In more advanced work with an accurate balance 
considerable improvements have been made in order to redricc the 
time required for weighing, as for instance by using electromagnetie 
damping, or devices for it*cor<ling the result almost automatically. 

In the measurement of time very great advances liave been made 
through improvements in pendulum clocks, the introduction of the 
quartz oscillator, and the radio-transmbssion of time signals. Tlie 
broadcasting of such signals by means of the familiar six ‘ ])ips ’ lias 
indeed brought about a revolution in the accurate determination of 
time. The interval between consecutive j)ips is one second, and it is 
the last of the series which indicates the exact time, the accuracy 
claimed being at least one-twentieth of a second. Counting seconds 
should be practised, and the furtlicr application of these signals in 
laboratory work, as for example in timing a compound pendulum, 
deserves careful study. 

A question which often arises, and may cause difficulty to the 
diiector of a laboratory, is that of the provision of suitable apparatus 
for ])ractical work. The answer must depend on such circumstances 
as the size of the cla.ss, the nature of the course, and the financial 


provision that can he secured. The present Lord Rayleigh (1944) 
asked the question : ‘ Are expensive appliances necessary ? ’ His 
reply was : ‘ In the physical laboratory a great deal can be learnt 
about Wlieatstone’s bridge by means of a wire stretched along a rough 
hoard, graduated with ink or pencil marks, with a piece of metal held 
in the hand to make contact with it at any point. From a purely 
teaching point of view this is as good as, if not better than, a po.st-office 
box costing as many pounds as the other does pence. It is much less 
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likely to mn<l<llc the bejiinner and will in all probability give him more 
insight into the physics of what lie is doing. If the student has rigged 
it up for himself he will further get a sense of independence and acliieve- 
ment which he never gets b\' handling the elaborate constructions of 
the instrument maker.’ 

For experiments in Light, ‘ mirrors and lenses may be mounted in 
a f{“w minutes on two !umj)s of .soft wax or attaclml with “ plasticine ” 
to a strip of wood It may be added that a fairly efficient optical 
bench may be constructed b}' fixing two or three metre scales to the 
edge of the bench by mcan.s of simple G clamps, and mounting the 
optical apj)aiatus described in the chapters on Light on blocks of 
wood that can slitle on the table in contact with these scales, not 
forgetting the essential ‘ distance piece 

Manufacturers of scientific apparatus often overlook the fact that 
for teaching purposes the novice sliould not be given a merely auto¬ 
matic machine, carefully enclosed and concealed in a well-made case, 
even though the desired measurement may be obtained by simple 
inspection. It is of the greatest importance that the beginner should 
be able to study the mechanism and the arrangement of the parts, 
at least to the extent of understanding the principles involved. 

There is. however, another side to this problem. In order to secure 
results of high accuracy, expensive instruments may be essential and 
they are frequently more durable and more reliable than cheaper form.s 
of apparatus. Even the beginner is liable to be discouraged wlien lie 
finds that it is practically impossible to secure consistent results by 
using the ap[)aratii3 provided. 

It is most desirable that students of physics, especially those who 
are likely to take up Applied Physics or proceed to research in Pure 
Physics, should have at an early period some experience in engineering 
drawing and in practical operations and processes, such as glass-blowing 
and soldering. It is said that Sir Charles Boys in a practical examina¬ 
tion set the question : ‘ Repair the given leaky calorimeter and use it 
to find the specific heat of the given solid Other examiners liave 
adopted similar methods in practical examinations. 

The ideal physicist, as well as being a philosopher, should be also 

a ‘ craftsman ’ with sympathetic knowledge of tools and materials. 

Craftsmanship is creation, and in order to create it is necessary to 

undei-stand. ‘ Why,’ said the Dodo, ‘ the best way to explain it is 
to do it.’ 


H. S. A. 
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SYSTEMS OF UNITS 
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PREFIXES 


deci = 1 tenth 


io-» 


centi =1 hundredth 10'- 
milli = 1 thousandth 10*® 
micro =1 millionth 10*® 


kilo = 1 thousand 10® 
mega =1 million 10® 


CHAPTER I 


INTRODUCTION 

§1. General Instructions 

In the practical work of any branch of science, the results aimcfl at 
may be divided into two kinds : qualitative and quantitative. In 
physics, advance has been rapid mainly because quantitative experi¬ 
ments have been successful in co-ordinating the facts, and jjurely 
qualitative results are no longer sulheient. Almost every physical 
experiment involves the taking of one or more measurements, so that 
physics has been termed, somewhat contemptuously perhaps, ‘ the 
science of accurate measurement Even in tlic elementary stages the 
experimental w'ork will often give quantitative results with little more 
trouble than would be required to obtain more qualitative knowledge. 

The fact that measuring is such an important part of the practical 
side of physics, sometimes leads to a student hurrie<lly taking certain 
measurements without studying the apparatus he uses, and without 
taking more than one series of obserwations. Too much stress cannot 
be laid on the really practical side of physics, as distinct from the 
mere taking of readings. To obtain full benefit from a course of 
practical physics, not only should the purpose of an experiment be 
understood thoroughly, but also some time must be spent in setting 
up the apparatus and studying carefully the construction and working 
of the component parts, before a single observation is taken. 

The purpose of a course of practical physics is not fulfilled com. 
pletely unless the student acquires dexterity in the manipulation of 
apparatus and sympathy with the instruments he uses. 

Having realised the aim of an experiment and the general method 
to be adopted in carrying it out, the necessary apparatus must be 
assembled and arranged for use. It is of great importance that all 
observations and readings should be obtainable without necessitating 
awkward bodily positions ; also any part of the apparatus requiring 
frequent manipulation or adjiistment should be placed within easy 
reach. Careful attention to these pointa will react indirectly on the 
accuracy of the experiment; there will also be less likelihood of 

accidentally deranging the apparatus. 

It may be convenient to go rapidly through an experiment to see 

that all is in order, before making any accurate observations. 

3 
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552. HKrou[)iN<; Resim.ts — Notk-Books 

For a course of firactical physics two note-l)Ooks should be used. 
One of these is reserved for the ‘ fair ’ record ; it should be a large 
note-book ((puirto size is suitable) with alternate pages ruled in inilli- 
inetre s(piares. An alternative method is to use a ‘loose leaf’ 
laboratory note-book for which regulation sheets and graph papers 
are provided. The sheets are clipped together by a rivet and collected 
irt a cover. A smaller note-book is needed for recording observa¬ 
tions, and for calculations ; in this should be entered also a description 
of anv noteworthy phenomena observed during an experiment, brief 
notes being taken in the laboratory to be amplified later in the fair 
record. The taking of these rough notes is cpiite as important as any 
other part of the work done, especially if there is any delay in writing 
up the final account; points which are of considerable importance 
may be forgotten if no record is made of tliem at the time they are 
observed. Rougli notes on loose sheets of paper are mislaid easily, 
and for his own sake the student should avoid taking notes in this 
manner. 

In taking observations and rearlings, every measurement made should 
be recorded in the rough note-book immediately, and checked after it has 
been written down. Each number should have written against it what 
it represents, and where a series of sets of observations is made, the 
observations sliould be arranged in tabular form. All calculations 
required for working out the result must be done in the rough note-book, 
and must be shown clearly. 

In the large note-book a full record of each experiment should be 
given in the student's otvn words. Tlie record should be miuie according 
to a definite scheme such as that given below. 

1. A description of the apparatus, with diagrammatic illustrations 
drawn on squared paper, and lettered for reference. 

2. A short account of the theory of the experiment. 

3. A detailed account of the operations carried out, and of the 
observations taken. Each reading or observation must be entered ; 
and where series of observations are made, these should be tabulated. 

4. The result obtained from the experiment should be entered, 
but not the arithmetical working. In general, it is convenient to enter 
the result as a compound fraction, followed by the calculated value 
expressed as a whole number or as a decimal fraction. 

The result should be entered prominently, preferably occupying 
the last line of the record. The units in which the result is expressed 
must be stated. 

Wherever possible, the results should be expressed graphically ; 
each graph should occupy one complete page, and the names of the 
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cpiantities plotted, with the units in whieh they are represented, must 
he given. 

When a graphic construction form.s part of an experiment, the 
original drawing (or a e«)py drawn t<» scale) should he in.serted in tlie 

note-hook. 


§3. Accuracy of Oh.servations — Null Methods and 

Deflection Methods 


• The whole system of civilised life may be fitly symbolised by a 
foot rule, a set of weights, and a clock.’ Maxwell's symbols corresijond 
to tlie measurement of the ' fundamental ’ quantities hmjth, moss, 
and time described in Chapter II. We consider first the determination 


by direct observation of a cpiantity such as a length or a mass. 

In thi.s case, readings shoukl be taken to the highest degree of 
accuracy obtainable with the a])paratus ]irovi<lcd. To test tlie degree 
of accuracy obtainable the adjustment should be repeated, and the 
reading taken again witli the greatest possible care ; any discrepancy 
between the two readings is attributable to errors inherent in the 
apparatus, provided sufficient care has been taken in adjustment 


and reading. 

In dealing with ‘ derived ’ quantities (Chapter III) we usually 
have to measure a number of magnitudes ; for instance, in finding 
the density of a solid we must measure both its mass and it.s volume. 
It is necessary to examine carefully the relative accuracy of the separate 
measurements, since it is useless to measure the mass to one part in 
ten thousand, if the volume is accurate only to one part in a thousand. 
Special attention must be directed to those measurements for which 


the accuracy is least. 

It is good practice for a student to determine as before the degree 
of accuracy obtainable in various types of measurement during the 
earlier stages of a practical physics course. This experience will enable 
him later to e.stiraate the proportional accuracy of most types of 
ob.servations, without making an actual determination ; though when¬ 
ever a completely new kind of measurement has to be made, the 
proportional accuracy should be determined once or twice in this way. 

Null methods are, in general, more accurate than deflection methods, 
in which the magnitude of an effect is usually measured by reading 
the position of a pointer on a scale. When using a null method in any 
experiment, we balance the effect of an unknown quantity against the 
effect of a known or standard quantity of the same type. The resulting 
effect is observed on an instrument which has to detect only the slight 
difference between the two effects. If we measured the effect of either 
quantity directly, we should require to use an instrument wliich gives 
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only a nuMlcratc delkM-tion when subjected to tl>o wliolc effect, or 
(in in-^lriinunt of retdtivebj loir sensitive7ie.ss. As a lesult of this low 
sensitivity, a sitiall, unavoidable error iti reading the deflection wouki 
lia\c an appreciable effect on the result. If a null method were em- 
]»l()ye(l. a much more sensitive instninicnt could be used — an instru* 
ment <if the hiiihest sensitiveness possible. The possible error in 
adjustin'' the effects to reduce the reading to zero would ])robably bo 
the same amount on fhe scale of the instrument as was the error of 
r«“ading in the <leflcction experiment ; it would, however, indicate a 
very much smaller error in tlie (piantity under meavsurement. 

An excellent example of this principle is afforded by tlie measure* 
ment of mass. A spring balance measures the mass by a deflection 
method, the quantity ob.served being the extetision of the spring due 
to the weight of the body. An ordinary bahince is an apparatus which 
♦lepends on a null adjustment, and gives much greater accuracy than 
can possibly be obtained by a spring balatice designed to weigh up to 
the same limit. 

In an elementary pliysical laboratory ol)servations whicli depend 
on weighing are much more accurate than determinations de|)ending 
on either length or time. Wherever pos.sible, experiments should be 
designed in sucli a way that the most im[)ortant observations are made 
!)>• means of a balance. As an example of this, the .student is referred 
to the experiment on the expan.sion of liquids by means of a weight 
thermometer. This experiment is so arranged that the coefficient of 
increase of volume is found without a single determination of volume 
being made, every observation from which the lesult is calculated 
being a ‘ weighing ’. 

In tlie present century great progress has been made in the measure¬ 
ment of time, but this, like the determination of length by optical 
methods, requires elaborate apparatus. Without such aids no other 
physical determination can be made so accurately as the determination 
of mass or the comparison of masses, owing to the great sensitiveness 
which is obtainable with a well-designed balance. The only other 
simple pliysical measurement which approaches this in accuracy is the 
determination of electrical resistance by means of a Wheatstone’s 
Bridge, again a null experiment. 

§ 4. Calculation of Results 

Since there is a limit to the accuracy obtainable in the determina¬ 
tion of any physical quantity, it is obvious that there must also be a 
limit to the accuracy of any result calculated from such determinations. 
In calculating results, therefore, it is unnecessary to work to a greater 
number of significant figures than the observations merit; the final 
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result can only he trusted to a certain number of places, and any 
figures beyond this number are meaningless. 

Much labour will be saver! in arithmetical calculations if, at each 
stage in the calculation, the inunber of significant figures in the result 
of that stage is suitaldy cut down before proceeding to the next part 
of the calculation. For example, consider the determination of the 
Yohirac V of a cylinder which is 2'37 cm. long, and 1'13 cm. in diameter. 

Its volume is given by ^ x (M3)' x 2’37 c.e. 

Neither of the mea.sured quantities is more accurate than 1 in 
1000, anrl there is therefore no need to retain more tlum four figures 
after any arithmetical process; and tt may be taken as 3'142, or 
even as 3' 14. 


(M3}2 is 1*2769, and may be taken as 1-277. 

1-277 x2'37 is 3-02649, and may be taken as 3-02(5. 

3-026 X ^ is 3-026 x 0-7S64, wliich gives as the prorluct 2-3766204, 

and the final result is written down as 2-38 c.c. 


Contracted methods of multiplication arc of great value in simpli¬ 
fying the arithmetical work. 

It lias become customary to give rc.sults only to such a number of 
figures as can be claimed to be accurate. If therefore a result is stated 
to five figures, it is at once a.ssumed that accuracy to five figures is 
claimed. To write down five figures in a result wliich is only accurate 
to 1 in 1000 is tlius not only unnecessary but misleading, as giving an 
erroneous idea of tlie accuracy of the observations on which it is based. 

If it should happen tliat the last significant figure is a cipher, tliis is 
included in the result even if it is after the decimal place, its inclusion 
indicating that accuracy is claimed to that number of significant figures, 
e.g, 1 in. =2-5400 cm. indicates that this is true to 1 part in 25,000. 

When the numbers dealt with are very large, powers of 10 are 
often put after a small number instead of writing a large number of 
cii)hers after it. For example, the magnitude 28.000.000 may be written 
as 2-8 X 10’ if accuracy of 3 or 4 per cent only is claimed, but 2-80 x 10’, 
28-0 X 10*^, or 280 x 10^ if the accuracy is 1 in 300. Similarly negative 
powers of 10 are used for extremely minute quantities instead of 
writing a number of ciphers after the decimal point. Thus, 0-00003500, 
indicating accuracy of 1 in 3000. could be written as 3500 x 10'«, but 
to write it as 3-5 x lO'^ would be incorrect, as claiming an accuracy 

of 3 per cent only instead of 1 in 3000. 

In calculations made by logarithms the order of the approximations 
made depends on the number of figures in the tables of logarithms 

library Sri Pratap Culege, 

Rrtnn.Cojr 


PT. I 


A TKXT-BOOK OF PRACTICAL PHYSICS 


used. lo<;arithm8 give an accuracy of about 1 in 2.')00 in 

a cal. ulation involving four or five numbers, the possible error increas¬ 
ing with tlic luimlKT of factors to be multiplied together or divided. 
bive-Hgtire logarithms arc about ten times as accurate as this. 

A sli<le-rule (10 inch) is u.seful for rough calculations, but if more 
tlian four factors are multiplied or divided, greater accuracy than 1 in 
is not obtainable except with much care. 

In most cases, before [»crforming the accurate calculations, approxi¬ 
mate ealeulations .should be made in order to determine the order of 
uuKfuitmlc of the result (or the position of the decimal point) ; this 
precaution is of special importance irhen a slide-rule is used, e.spccially 
in incxj)erienecd hamls. 

An example of this may be given, using the dimensions of the 
evlinder of volume V on p. 7. In that case V = ^ (I* 13)" x 2*3/. Roughly 


this mav be written down as V = 1 x 1*0 x 1*2 x 2*r). or V*3, approxi- 
mately, so that the volume is of the order of 3 c.c. 

The slide-rule gives the number 237 (5) as the result, and this can 
be written at once as 2-38 c.e., the position of the decimal point being 
determined by the rough approximation just given. 

Physical Significance of the Steps of an Experiment.—It is of great 
importance that the experimenter sliould study the steps of his work 
and try to understand the physical meaning of each expression. This 
implies a marked distinction between the attitude of the physicist and 
that of the mathematician, whose aim is probably the attainment of 
a neat and com[)act final expression. 

In calculating the results of an experiment where a certain quantity 
is to be determined from measurements of a number of independent 
quantities, it is not advisable, as a rule, to express that quantity ex¬ 
plicitly in terras of the various measured quantities. This procedure 
often results in a complicated expression, which is difficult to work 
out and liable to occasion arithmetical errors. More important than 
this, however, is the definite loss of meaning the various quantities 
suffer when grouped together in this way. The physical significance 
of each step of the calculation should be kept in view. This general 
rule is of special importance in all experiments connected with energy, 
whether the form of the energy be mechanical, thermal, or electrical. 

As a particular example of this, consider the expression on p. 115 
for finding the moment of inertia, I. The equation mgk ^ 
indicates three definite phj'sical quantities, each an amount of energy, 
and if retained in this simple form it conveys a meaning at once, and 
can be written down from first principles immediately. To express 
‘ I ’ explicitly would be to destroy the meaning of the equation to a 
very great extent. 
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'J'lic use of ‘ formulae \vlii<-h t»ften put a im*aiiijii:loss luirdeti on 
llie memory, slioulfl lie a\ (>i(it“d ; and, wherever [xissihle. an endea\’o»ir 
slioiilil he madi* to work out the solutioti tif a piohlem hy reasoning 
from lirst j)rineij)Ies. 


§5. (iRAPHic Mkthods 


The use of graplue methods is of great value hotlj in tlieorctieai 
and experimental pliy.si<'s. Whenever the observations taken in an 
exj)eriment foi-m series relating to two interdependent quantities, a 
graph should bo drawn to illustrate the connection between them. 
The graph shows the way in which the dependent variable (y) depends 
on the independent variable (x). It is customary to jdot the values of 
the independent variable as the abscissae horizontally from left to 
right, and tlie values of the dependent variable as the ordinates up¬ 
wards, when the j)aper is held in a vertical plane. 

As a tv])ical exami)le may be cited the experiment on the simple 
pendulum. In this, tlie period t of a pendulum of length I is measured, 
I being varied arbitrarily, and the corresponding values of i being 
determined. Here I is the independent variable and should be plotted 
horizontally, t being plotted on a scale running from the bottom of the 


page to the top. 

The units in which the variable is expressed, and the designation 
of the variable, must be marked clearly along the corresponding 
co-ordinate axis. Great care mu.st be taken in choosing the scale to 


wliich each variable is i)lotted, so that the resulting graph may cover 
as large a portion of the sheet as possible. It is assumed here that a 
sheet such as is found in the .student’s note-book i.s employed. On a 


large sheet, too large a scale would tend to exaggerate accidental 
errors of observation. 

The points indicating the observations should be shown by dots 
with .small circles drawn round them, or by small crosses. A smooth 
curve should then be drawn to represent tlie average distribution of 
the points, and the curve should pass as evenly as possible between the 
points so that there are about as many on one side of tlie line as thci-c 
are on the other. A test should first be made to see whether the grajili 
can be represented by a straight line. A line ruled on a long strip of 
glass or celluloid is useful for testing this, as it is possible to see the 
points on both sides of the line. A piece of cotton tightly stretched is 
also useful for testing linear graphs. If a straight line cannot be 
drawn through the points, a curve should be drawn, either free-hand 
or by means of a thin flexible strip of wood bent to fit the curve. 

If the resulting graph is a straight line, the relation between the 
variables is of the form y=^mx + c, where m and c are constants. If 
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ihr «.Mai)h is not a straiglit line, the form of the curve may suggest the 
relation hetwern the varial)les. Familiarity with curve.s corresponding 
to ecjxiations such as 

y = r, y - y"- = x^,ij = jr*, and y = log a-, 

will guide the student as to the type of curve mo.st likely to fit the 
observations plotted. Then by plotting powers of one of the cpiantitics 
against the other, a straight line may result. Or a straight line may 
be obtaitjcd by plotting the logarithm of one quantity against the 
other (piantity, or again.st the logarithm of the other cpiantity. See 
Kxj)t. 43—Friction of rope over a fixed pulley (p. TS). When 
a straight line graph has been obtained, the connection between the 
two physical quantities concerned can be expressed by means of an 
algebraic equation. 

Results can often be obtained by means of graphic methods with 
much less labour than arithmetical calculations would entail. Refer¬ 
ence should be made to the instances considered in the text, for 
example pp. 65-70, 197, 200, 226. 

§6. Units employed in Physical Measurement 

The measurement of any quantity is expressed in a phrase of two 
parts — the number and the unit. Thus ‘ 12 seconds’ contains the 
number 12, and the unit of time, the second. Each of the various 
(piantitics dealt with in physical measurements requires a unit. It is, 
however, possible to express some quantities in terms of other quanti¬ 
ties ; we can, for example, express speed in terras of the distance 
travelled in a certain time, and it is obviously advantageous to measure 
speed in units which bear a simple relation to the units of length and 
time. All the physical quantities that are met with in mechanics 
may be expressed in terms of thre^ selected quantities. The three inde¬ 
pendent units for these quantities are said to be the fundamental units 
of the system of umts, the other units of the system being called derived 
units. 

In scientific work the fundamental quantities chosen are length, 
mass, and time. The units employed for these quantities have been 
the centimetre, the gram, and the second, so that the system is known 
as the C.6.S. system of units. 

The centimetre is one-hundredth part of the metre, which was 
defined as the distance between the ends of a certain rod of platinum 
preserved in Paris. 

The gram is one-thousandth part of the kilogram, which was the 
mass of a certain cylinder of platinum preserved in Paris. The kilo¬ 
gram was intended to have the same mass as one cubic decimetre 


CH. I 


INTRODITTIOX 


II 


(1000 C.C., or 1 litre) of distilled water at t!io teini)erature of its maxi¬ 
mum density. Conse<juently tlie mass of 1 e.e. of water at 4® C. is 
almost exactly 1 gram. 

The second is tlie mean solar second, defined as 1 S0400 of tlie 

* 

mean solar day, wliich is determined by the time of rotation of tlie 
earth on its axis. 

Tlie International Prototype Metre is now defined as the distance, 
at tlie melting point of ice, between the eentrc.s of two lines cngiavcd 
on a platinum-iridium bar of a nearly X-shaped section. 

The International Prototype Kilogram i.s the mass of a certain 
cylinder of platinum-iri<lium. 

These stamlards are kept at the International Bureau of Weights 
and Measures at Sevres, near Paris. 

For some purpose.^ the M.K.S. system of units liased on the metre, 
the kilogram, and the second is more convenient than the C.G.S. 
system. 

The unit of energy in the M.K.S. system is the joule, and this i.s 
recommended as the unit of heat measured in terms of energy. The 
joule lias the further important advantage that it is directly available 
for use in the practical .system of units {based on the coulomb and the 
volt) employed in electricity. 



CHAPTER II 


MEASUREMENT OF FUNDAMENTAL 

QUANTITIES 

§ 1. Measurement of Mass 

THE BALANCE 

The measurement of mass by means of an ordinary balance consists 
in l)aliinoing two forces against each other so tliat their turning moments 
on a lever are etiual and opposite. When this is achieved, the forces 
themselves, if parallel to each other, are inversely proportional to the 
distances of tlieir points of application from the fulcriiiu of the lever. 
The forces which act on the beam of a balance are the weights of the 
masses suspended from the beam, and thus the ratio of the weights of 
these masses is determined. As, liowcver, the weight of a body is 
projiortional to its mass, the ratio of the masses is the same as the 
ratio of the weights, or the ratio of the masses suspended from the 
beam of a balance when in equilibrium, is the reciprocal of the ratio of 
the * arms ' from which they are suspended. 

In an ordinary balance, the beam is a stiff^ rod aomotimea of girder 
construction, wliich is supported at some point on knife-edges resting on flat 
f)lates at the top of the pillar of the balance. At the two ends of the beam 
are mounted knife-edges from which the scale-pans are suspended ; the two 
parts of the beam are called the arms of the balance. Knife-edges must be 
used for the fulcrum and for the points of suspension of the scale-pans in 
order that the arms of the balance shall be of a deflnite length. As the ratio 
of these two is the reciprocal of the ratio of the masses on the scale-pans 
when balanced, it is obvious that this ratio must be accurately known, hence 
the arms themselves must have exactly defined lengths. In general this 
ratio Is one of equality, but occasionally a ratio of 10 to 1 is used. 

The knife-edges have to support a considerable weight, and hence must 
be made of very hard material, so that they will not be deformed when the 
balance is loaded. Hardened steel is used for the knife-edges of balances 
of moderate accuracy, but agate is used for the more delicate balances for 
scientific work. In order to reduce wear of the knife-edges, a lever is 
generally fitted whereby the beam can be raised from the knife-edge 
supports, when the balance is not in use, and allowed to rest on a brass 
bar supporte<I in a fork of brass. This same lever raises the scale-pans, so 
that their weight does not rest on the knife-edges at the ends of the beam. 
The arrangement is called the Arrestment of the balance. 

In order to avoid chipping or otherwise deforming the knife-edges, it is 
essential that the beam should be raised or lowered so as to rest in the 
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brass fork, before moviiip tlie balance, or altering the weiglits on the senle- 
paiis. The beam must be raise<I and lowered (jcutl;/ for tlie same reason. 

For most purposes the arms of an ordinary balance may be assumed 
to be exactly eciual, and therefore the mass of the body being 'weighed ' 
may be taken as equal to the mjiss of the ‘ weights ’ which are required to 
balance it. Even if the arms are not exactly eciual, this need not affect the 
accuracy of most experiments in tlie slightest, provided that the ' weiu’hts ’ 
are always used on one pan aiul the unknown mass on the other. If tliis 
is done, the ‘ weights ’ used, though not ecpial to the unknown masses, 



will bear a constant ratio to these, and since in most experiments the ratio 
of the variou.s ina.s.scs used is required, the actual result will bo unaffected. 

A good rule is to place the weights always in the right-hand pan, and 

the unknown mass in the left. . , , 

In using a balance for comparing masses, it is essential that the beam 
and scale-pans should be balanced accurately when unloaded. Then, 
when the masses have been adjusted till the beam is in equilibrium again, 
the masses in the two scale-pans can be taken as equal. The beam will 
rest horizontally or o.scillate about a horizontal position when in equilibrium. 
In order that this may bo tested, the beam is furnished with a long pointer 
rigidly fixed to it, the end of the pointer moving over a .small .scale fitted 
to the pillar supporting the beam. When Uie beam is horizontal, tlie end 
of this pointer oscillates about the middle of the small scale, and thus a 
sensitive method of testing the horizontality of the beam is provided. 
Before loading the balance, the balance case must be levelled by means 
of the levelling screws, so that the base may be horizontal as tested by the 
plumb-line or spirit-level attached to the apparatus. The beam should 
then be released so as to rest on the knife-edges, and the motion of the 
end of the pointer be observed. Usually these oscillations will not be 
exactly about the middle of the scale, but provided the mean position is 
not far from the centre, the balance can be used without further adjust¬ 
ment the weights being always adjusted until the pointer oscillates about the 
same 'posUion as when the beam was unloaded. Tliis is called working to a 

false zero. 
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It tlic pointer has a mean position several divisions from the centre 
the l)alunee is unloaded, d is advisable to correct thw before coin- 
Iti. lu inu to uei^li. 'J'liis can be done usually by moving a small nut along 
a screu littod to one end of the beam, or by altering the position of a 
lia^ ' mounted on tlie beam. This should not be aUerrptcd until the student 
hits hicouu- Jainiliar ivilh the handlintj oj balances, and care must be used in 
d<iinii If. so as to aroid d(wi(u/iiuj any part of the balance, parlicidarly the 

h II ijc-i d<n s. 

Having seen that the balance when unloaded oscillates about the zero 
position, or having determined the false zero if this is not the ca.se, the 
h.'.un should be lowered tuid the unknown ma.ss placed gently on the left 
seale pjin. W’l'ights from the box of weights .should then be placed on the 
nght-liaial pan, commencing with the larger weights and proceeding down- 
warils. The biain should be lowered before touchiny the scale^pan either to 
add or nmore wiiijhts. 'I'his rulo must be observed even for the smallest 
weights. In t«‘sting for halance at first, it is unnecessary to raise the beam 
eompletflv, the want of lialanco being obvious ns soon as the beam begins 
to rise. 'Die lieam need not be raised to the full extent until the centigram 
weights are h«‘ing iiseil. 

In some eases wviglit.s .smaller than 1 centigram are not supplied, and 
a ■ ridvr ' is used for getting the weight to milligrams or Ic.ss. This rider 
is a wire bent so as to ' ride ’ on the top of the buinnee beam, the mass of 
the wire lieirig usually I rentigram. The beam is divided into parts equal 
to nne-tentli of the Icngtli of the arm, and the position of the ritler is noted 
w lien adjusteil till it gives the exact halance required. Obviously, a 
c<>ntigrarn rider at a point one-tenth of the distance along the arm is 
eipiivalent to 1 milligram in the scale-pan at the end, and so on. Thus 
with a eentigram rider the weight of a body can be determined to within 
1 milligram or less, providefl tlio arm of the balance is subdivided in this 
way and the balance is sufliciently sensitive to detect a difference of this 
orcicr. 


A l)ox of weights requires as much care as the balance with which 
(he weights are used. Any corrosion or oxidation wdll alter the mass 
of a “ weight ’ ; great care sliould be taken therefore to keep the weights 
from contact wdtli acids, mercury, or water. It is obviously absurd to 
weigh to 1 milligram if one of the larger weights is wrong through 
coirosion to an amount greater than this. All weights of any accurate 
box should be lifted with the forceps provided in the box, this rule 
being applicable to the largest weights as well as to the smaller. Care 
should be taken not to bend the smaller weights ; they should be held 
by tlie corner or side bent up for this purpose. To facilitate handling 
the smaller weights, they can be put on the top of the larger weights 
wlien on the scale-pan. 

Tlie weights u.sed in any experiment should as far as possible all 
come from one box. If two boxes must be used, the weights should 
be returned to their respective bo.xes. 

In reckoning up the w'eights, having ‘ weighed ’ a body, the weights 
should be counted whilst on the scale-pan and the total recorded in 
the note-book. They should be removed one at a time, the total being 
checked as they are returned to their places in the box ; in this way 
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arjv error will be observect and c-orrtMted. Failure to ol)servo tliis 
precaution may frequently eause a weighing to liave to be repeated, 
or may render a whole experiment useless. 

The weight of a body cannot bo determined accurately when thei-e 
is an appreciable ditference between the temj)erature of tlie body and 
that of the room, on a(;eount of tlie convection curjents set uj) in tlie 
air. If the body is colder than the atmospliere, moisture may condense 
uj)on it and make the observed weight too large. 

No corrosive liquid sliould be allowed inside the l)alanco case except 
in a securely stoj)j)ered vessel, and all vessels containing licpiid should 
be wiped clean on the outside before being put on the seale-pan. 


Exit. 1. Determination of the Mass of a Body 
Balance.—Level the balance case by means c>f the le\‘<*lting sct«*ws. 
'I'lirn tlie handle of tlie arrestment so us to release the beam, aiul see 
that the beam rests without constraint on the kiiife*edg<‘s. If tlie beam 
does not begin to swing, start a gentle current of air by a rapid move¬ 
ment of the liand above one of the pans. Observe the mean position of 
the pointer on the scale as the beam swings from side to side. I’se the 
arrestment to stop the swinging of the balance when the pointer is near 
the mean position. Place tlie unknown muss on the left-hun<l jjaii, and 
place in the middle of the right-hand pan a weight estimated to btr large 
enough to counterbalance the load on the left. Kelease the beam and 
note whether the weight is too large or too small. Continue llic procos.s 
of weighing, passing from the larger to the smaller weights in regular 
order. Remember alwavs to an-est the motion (if tlie balance before 
adding or removing weights. W'hen the pointer swings about the same 
mean position ns at tiist, stoj) the motion by means of tlie ari-estiiu'iit, 
count the weiglits as they lie on the scale-pan, and record the result. 
Count the weights again as they are removed one at u time to their places 
in the box. Determine in tliis way the masses of two bodies A and H. 
Check the result by determining the mass of the two bodies together and 
seeing that this is the sum of the two separate masses. 


by Means of the 


NOTES ON ACCURATE WEIGHING 

Weighing by Oscillations.—Tlie pointer of a balance moves over a .scale 
which usually ha.s 20 divisions. Imagine the.se to be Jiumbered from the 
left-hand end, subdividing eucb division mentally into 10 parts, so that the 
central mark is called 100, and the mark at the riglit-hand end Is 200. 

We mu.st first determine the zero-point, or the position of rest of tho 
beam when unloaded. To do this, the beam is allowed to swing freely 
without any load in the scale-pans. Five consecutive readings of tho 
‘ turning-points ’ are taken : three of these will be succes.sive maximum 
swings to one side, and the other two will be the maximum swings to tlie 
other side occurring between them. The mean of the three swings to one 
side is taken, and also the mean of the other two swing.s. The zero-point 
lies midway between the two means thus obtained. 

The object is placed in the left-hand pan, and weighed as already 
described (pp. 13-15). Tho centigram rider Ls placed on the divided beam, 
and movecl until when it is on one division the pointer is to the right of 
the zero-point, while when it is on the next division the pointer lies to the 
left of the zero-point. The resting-point of the balance is determined fo'* 
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onch <.f tlKs.- n.,sition. of the ri.ler by takiuK five readings 
no ts us in liluling the /.ero. The weiplit of the 

lo a fraction of a nnlhgruin by the rnetliod of • propovtionnl parts . 
As nil e\amj)le. suppose the resting-points are— 


Ihnpty bulunee . 
Loaded witfj 47'034 gin. 
Loaded with 47-635 gm. 


112 

114 

98 


The last two give the sensibiUty of the balance, i.e. the 
for 1 inmn os 114 -98= 16divisions. When the balance >s loaded with 47 634 gm.. 
the resnug.point is 2 divisions from the zero-puint. This difference .-orre.sponds 
to 2,'16 = 0-125 rngin., and if this weight were added m the right-hand pan, tlio 
loaded balance would swing about the zero-poinC 

The weight of the object is thus obtained as 4r6341(2) gm. 

To facilitate reading the positions of the turning-points, a low-power 
inicroscope is .sometimes fitted to the front of the balance case. 

Weighing by Substitution.—Borda employed a method in which the 
body is counter-bohmeed as accurately as possible. It is then removed and 
i-ojilaced bv standard weights. When the balance again swings about its 
zero position, the weights in the pan must evidently have the same mass 

u.s the body. 

Double Weighing.—In the method of Gauss, the body is first weighed 
in the left-hand pan, and then in the right-hand pan. If A and B denote 
the weights thus determined, the true weight W is given as Wss -v'AB. 

These two methods eliminate any error arising from inequality of the 
arms of the balance. 


§ 2. Measurement of Length 

The mea.s\irement of length is possibly the simplest exercise required 
of a student of physics, and the use of scales of length is familiar to 
every one before commencing any precise scientific work at all. The 
accuracy required in various kinds of length measurement is, however, 
widely different, and wc must consider the methods of obtaining these 
various degrees of accuracy in typical cases. 

It should be noted here that in all measurements of length two 
observations must be made, one at each end of the length measured, 

and that therefore the possible 
error in the value of the length 
obtained is double the error of each 
observation. 

The accuracy of observations 
made with an ordinary scale is 
limited, because the di\uding lines 
have a finite thickness, and because 
the eye cannot estimate fractions of 
Fio. 2.—Error due to Parallax divisions to nearer than 01 mm. 

In any estimation of length made 
with an ordinary scale, therefore, the accuracy is not greater than about 
0-2 mrn. If accuracy of a higher order than this is demanded, it is essential 
that apparatus should be us^ to assist the eye, and also that the divisions 





2 13 

14 

1 


ML 

1 1 



cn. ri MEASUREMENT OF FUNDAMENTAL QUANTITIES 17 

on tho scalt' sIkmiI.I Lo iTiarUcvl wiili }iiu* 'Fla* oiror in usini; 

an ordinary scale ina> be even greater tharj <1 2 nun. il the scale is used 
■flat for an a|i[)reciabie parallax error is then possible owin” to the llii<'k- 
noss of the scale (i•'il^. 2). Farallax 
an apjmrc'ut cliaiiLXo in t Jio 
position of an of>jout chit' t() a cliaiiijo 
in the position of the olxst^rvcM* {p. 191). 

The r/raduatid edge of the scale 
must always be (>laeed in contact u ith 
the points whose distance apart is to 
be ineasuretl, the scale being stood 
on its .side if necessary, as would, for 
example, be the case u hen measuring the distance b(*twet?n two nmrUs on 
a sheet of paper (Fig. 3). 

When it is not f)Ossihle to measure the size of an object by tlirect appli¬ 
cation of a rule, a pair of tlividers, or tnaide or oufsidr callip<M*s, may he 
employed. In some cases a beam compass is useful ; this is a rigi<l bar 
pro\i<led with two .sliding pieces to which are fixed, at right angles to the 
bur, the poiiits of the compass. 



A 

B 


KiG. 3.—Correct Method of uiint? Seal* 


PRINCIPLE OF THE VERNIER 

A voi'y ingeniou.s device for obtaining accuracy of a greater order 
than that obtainable by eye-estimation was iiiventecl by P. \'ornier (1")80- 
1037), atul is known b\- his name. In this tle\’ice a small auxiliary scale 
is provided, \vhich slides along the ordinary scale, the divisions of this 
vernier scale being edther a little longer or a little shorter than the divisions 
of the on.linary scale. 

The great value of this device lie.s in its simplicity, and in the fact that 
it can be used to measure to any fraction of u division required, if tho 
auxiliary scale is divided suitably. 

The form most generally used is that in winch the vernier divisions are 
slightly shorter than true scale divisions, and therefore this type only will 
bo described, though the principle jinderlying both forms Is the same. 

The auxiliary scale is graduated from a tlivision whicli may be called 
the zero of the vernier, tliis division being indicated by an arrow or some 
other distinguishing murk. The scale consists of n equal divisions on one 
side of tl»e vernier zero, and in some cases it is continued one or two divisions 
on tlie other side of the zero. These /i vernier divisions are exactly etiuul 
to n - 1 scale divisions. Consequently one vernier division is equal to 

or I - - of a scale division. Thus, each vernier division is shorter than a 
n n 

scale division by 1/n of a scale division. This quantity 1/n of a .scale division 
is called the Least Count of the vernier ; os we shall see, the vernier caii bo 
used to measure to the nth part of a scale division. 

Suppose the vernier scale is moved along tho main scale till the zero 
of the vernier is exactly opposite one of the divisions of the main scale, 
then tlie distance between the zero of tlie main .scale and tho zero of tho 
vernier (which is the distance we want to find) is an exact number of scale 
divi.sions. The other vernier divisions will not exactly correspond with 
scale divisions, being respectively 1/n, 2/n, 3/n, etc. of a scale division on 
the zero side of the consecutive scale divisions. Now suppose the vernier 
is moved a little further along the main scale until the zero of the vernier 
has moved through 1/n of a scale division. It is clear that the first division 
of the vernier will have moved till it is exactly in line with a certain division 
on the main scale. If the vernier is again moved so that the zero passes 
over 1/n of a scale division the second division of the vernier will be exactly 

u 
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in lin<* with a division on fho main scalo. If the total innvomont of the 
zi ro ot iho vomior is 'Mn of a scale division, the third division of the v.-rnior 
is l>rotieht opposite a <!ivisi«>n on the main scale, aiul so on. In {ieneial, 
if the /;jih dix'ision of tlie vernier conies into lira* with one of the flivisions 
of th.‘ main seal.', it indicates that the zero of the vernier l.ns moved 
tlirough hi,II of a scale division from the division immediately before it. 


In using a x’crnier scale, therefore, the least count must first be 
determined. The reading is then taken according to the following 
Rule : Read the scale division next before the zero of the vernier scale ,* 
find the number of the vernier division which is in line with a scale 
division, and add this number of nths of a scale division to the scale 
reading.—The result gives the distance from the zero of the main scale 
to the zero of the vernier .scale. 


Coii-sidor the two following examples of the way in which a vernier 
sliould be exumine.l and used :— 


/ 

Vernier 

Scale 



5 





10 

mm 

Scale 










2-5 3c/n. 3 5 


Fia. 4.—Vernier Scale 


(1) A vernier scale has 10 divisions, the ordinary scale being a scale 
of millimetres, and the 10 vernier divisions are equal in length to 9 milli¬ 
metres. The vernier i.s placed with its zero between the divisions 26 and 
27 mm. on the ordinary scale, and the 7th division along the vernier is 
exactly in line with a division along the mm. scale. The reading is required. 

The vernier reads to decimals of 1 rnm., or the least count is 01 mm., 
because 10 vernier division.s are equal to 9 scale divisions, and the scale 
divisions are millimetres. ' 

The reading of the scale division next before the vernier zero is 26 mm. 
The 7th vernier division is in line with a scale division (and tlie vernier 
reads to lOths of scale divisions). Therefore the reading is 26-7 tnm. 

The scale division which is in line ivilk the Ith vernier division has y^olhing 
ai all to do with the reading. 

(2) A circular scale is divided into angles of 1®, and each degree is 
divide<l inU) three equal parts, so that the scale may be said to consist of 
large divisions of 1® each, and small divisions each equal to 

_ A vernier scale of 20 divisions moves over this, the 20 vernier divisions 
being equal to 19 small scale divisions. The zero of the vernier is between 
the large divisions marked 8® and 9®, and is in the last section of this large 
division. The coincidence between a vernier division and a scale division 
occurs at the 4th vernier division, and the angle reading is required. 

The vernier reads to twentieths of the small scale divisions. The reading 
must therefore bo made to the small scale division next before the zero 
of the vernier : in the example given this is 8|®. 
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Tho vcruitT rca<Iinc is 4, tlK'icfon* \vc must add to tlu' scvilo I'oadiiii' nit 
amount ecjtud to of a small st-ale division. 

'riif rpuilinj: tliiis will la- Sj- of I . But J is (Mjiiaf to 20', and 
than-fon' wa can tvrita tha Kia/r |•^'adin^ as S 40' anil tlia vi-iiiiar landing 
as 4'. so that tlta full i-aading is S 44'. 

Thus the \ cniiar uial .scale can he used to maasuro to one minute of 



arc, the scale being graduated to 20' divisions, ami the vernier reading to 
i'uth of these small divisions, or to 1'. 

Tite metliod of reading any type of vernier can be worked out in a 
similar way. 

An instrument called tho Vernier Callipers is used for measuring the linear 
dimensions of bodies. It consists of a metal rule furnished with two jaws, 
A and B, projecting at riglit angles to the rule. Of these, one is fixed, 
whilst the other cun slide backwards and forwar<ls. On the rule is engi’aved 
a scale divided into millimetres. The sliding jaw is also provided with a 
short scale V called a vernier. 

Expt. 2. Measurement of the Length of a Rod by Means of the 
Vernier Callipers—If the instrument is adjusted correctly, the zero of 
the vernier will coincide with tho zero of the millimetre scale, wlien the 
sliding jaw is brought into contact with tlie fixed one. If this is not tho 


V 



case, the instrument possesses a ‘zero error’, which must be read and 
allowed for in making measurements. Determine the least count of 
the vernier. 

To measure the length of an object, it is placed between the fixed 
and sliding jaws, and the latter is adjusted till it makes contact with 
one end of tho object when the other is in contact with the fixed jaw. 
In dealing with small bodies it is convenient to adjust the pressure till 
it is just sufficient to hold the object between the jaws. The reading on 
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tho millitiH-tn* scale, which is just before tlie zero of the vernier, is tlien 

' This lea.hii^' is tlie distance betw<-en the zero of the vernier and the 
zero of llie fiiillimetre scale, and since tlieso should coincide when the 
j.nvs aiv closed, it slioiild bo the distance between the jaw.s, that is the 
h-neth of the obj<'Ot. j- • • 

In grru^ral, (hr zrro of the vernier is not exactly opposite a division 
on the rule, aiul it is nccc-s-sury to determine the value of the fraction 
of a inilliinctre. This is done by means of the vernier scale. Look along 
the vernier scale until a graduation is seen which is exactly in line with 
one of the marks on the millimetre scale. If the correspondence is at 
the thiixi graduation of the vernier scale, and the least count is OT mm., 
th(' fraction required is 0 3 mm. ; if it is at the fourth graduation the 
fraction is 0 4 mm., and so on. The rea.son for this has already been 
liiseussed (p. 18): tho actual distance required is obtained by taking 
the scale reailing next before the zero of the vernier and adding to this the 
\'eriu«*r reading ns above described. 

Mea.sure carefully the lengths of two rods of glass or metal cut from 
a long uniform rod- Find the ratio of these two lengths. Weigh the 
two rods on a bnlanee, and find the ratio of the two weights. Assuming 
the original rod to be unifonn, these ratios will be tlie same. 


PRINCIPLE OF THE MICROMETER SCREW 

Anotlier form of apparatus which enables determinations of length 
to he made with considerable accuracy is an accurately cut screw 
thread working in a close-fitting nut. 

Ill general, there is a circular head of a large diameter fitted to the 
screw and moving past a scale fixed parallel to the axis. The head is 

subdivided into a definite number of equal divisions, 
30 that tlie screw can be turned through fractions of 
a revolution and these fractions read on the micro¬ 
meter head. 

In one complete revolution the point of the 
screw advances a distance equal to the pitch of the 
screw, this being the distance between sitnilar points 
on consecutive turns of the thread. If, therefore, we 
turn tlie head of the screw through one-huiuiredth of 
a revolution, the point of the screw will advance by 
one-hundredih of the pitch and so on ; hence the screw 
point can be moved forward by minute knoivn 
amounts, provided the pitch is known. The accuracy 
obtainable by the use of micrometer screws is limited only by the 
accuracy with which the screw is cut and fitted to the nut. Where 
extreme care has been taken, as in grinding the screw for the ruling of 
Diffraction Gratings, it is possible to set off small distances accurate to 
the liundred-thouaandth part of a centimetre. 

It is worthy of note that, owing to wear between the screw and the 
nut. there may be an appreciable amount of slackness in the fit of these. 



pitch of screw 
Fio. 7.—Screw 
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This causes what is called back-lash, and if the screw has boon adjusted l)\’ 
turning it in one direction, and is then turn<‘d hark, the h ad may be rotated 
through an n[)precinbie angle before the screw begins tt> move along its 
asis. Error due to this n^ay be av<»i<h*d to a considerable extent bv always 
turning the screw in the satne direction when making the Jiaal adjustment 
to any particidar position. Even this will not prevent error if the screw 
thread has worn unevenly in difTerent parts, an<l a ba<lly worn screw should 
therefore be re[)laced by a new screw and ni/f if accura(“y is desii-e<l. 

The Micrometer Screw Gauge is an instrument for measuring the linear 
dimensions of small objects. It depeittls on the fact tliat when a ])erfeel 
screw works in a fixed nut, tho 
motion of translation of the sert'w is 
directly proportional to the amount 
of rotation that is given to it. By 
using a screw of fairly fine pitch, 
and by arranging for the measure¬ 
ment of small fractions of a turn, 
very small distances can bo meas¬ 
ured with accuraejs as already 
described. 

For scientific work, a screw tlie 
pitch of wliich is ^ mm. or 1 mm. is 
frequently used. In engineering work the pitch is frequently ,,V,tli incli 
(nearly but not quit© the same as J mm., since a metre is nearly 40 inches). 

Exrr. 3. Measurement of the Thickness of a Plate by Means of a 
Micrometer Screw Gauge.—In using the micrometer screw gauge it is 
necessary to find first of all the pitch of tlio screw, that is, the ilistance 
through which it travels for one complete turn. Tho screw itself is con¬ 
cealed in the nut A, but if the divided head is screwed out a little way 
a scale C will be found enCTaved on the nut, from wliich the pitch of tho 
screw can be found readily. Determine the length of eacli division of 
this scale by comparing it with an inch or centimetre rule and notice how 
many comjilcte turns of the screw are required to carry it from one 
division to the next. 

Notice next the number of divisions on tho cylindrical divided liearl 
Si, and determine the travel corresponding to rotation through one 
division. 

For example, if the pitcli is J mm. and the head is divided into 100 
parts, each division corresponds to a movement of or 0 005 mm., 

and two divisions correspond to mm. or 0 01 mm. 

In the micrometer screw gauge there is an ‘ anvil ’ or butting point 
P rigidly attached to the nut by means of a bent arm F. Both tliis 
butting point and tlie end of the screw (Q) are actually flat polished 
Kurjaccs which should be square to the axis. When these surfaces P and 
Q are brought into contact by turning the head with a gentle pressure 
of the fingers, the zero of the scale on the divided head .should corre¬ 
spond with the zero of the scale on the nut. If this is not the case, tho 
instrument possesses a zero error which must be observed and allowed for. 

Care mu.yl be iaken to avoid screvnng the point of the screw against the 
hutting point with pressure. This treatment woulrl damage the threads 
and distort the frame of the instrument. In some instruments there is 
a ‘ free wheel ’ device which allows the head to turn freely in the fingers 
when the pre.ssure exceeds a definite limit. This arrangement tends to 
eliminate uncertainties in reading caused by differences in pre.ssure. 

To measure the linear dimensions of an object, the screw is turned 
hack until tho body can be inserteil between the point of the screw and 
the butting point. The point is then screwed forward till the object is 
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|,ol.l t-ntlv between tbe tte„. tl.e presttnre of tbe finge^ '.'“'(‘"t 

Tnkc the rea.Iinc of the paugo in this position atu 
th(> 7010 error ns the case mav retiuire, that is suVjtract ahuhraically tl 
loading from the reading obtained. Repeat tlie observations several 

times and take the mean of the results. , , * tho 

Measure in this wav the thickness of a metal plate, repeating the 
observations at different points of the plate so as to ^ 

thiekne.'is. Measure also the mean thickness of a second plate of tho 
same metal having the same outline and. consequently, the wiine area. 
Find The ratio of these two thicknesses. Weigh the two plates and 
find the ratio of the two weights. Assuming the plates to be uniform 
Hiul of the same density, the ratio of the thicknesses will bo tho same as 

the ratio of tlie weights. 


MICROMETER MICROSCOPE 

There are many optical methods of making accurate measurements 
of length, among them being the microscope with a Micrometer Eye¬ 
piece. A fine transparent scale is fixed near the focus of the eye-piece , 
in some instruments a spider line can be moved across the scale by 
means of a micrometer screw to measure fractions of a division. The 
microscope is used to give a magnified image of the object to be 
measured (see p. 231). A real image is formed near tlie focus of the 
cye-picce and is compared with the fine scale placed there, the scale 
being seen at the same time as, and superposed on, the image of the 
object viewed. A body of known size is then viewed with the micro¬ 
scope in order to find the magnification produced by the objective, 
and thus the size of the small object can be determined. It is essential 
that the adjustment of the microscope should remain unaltered for the 
two observations. 

If, for example, the magnified image of the small object occupies 
r>2 4 micrometer divisions, and a millimetre scale seen through the micro¬ 
scope, when in the same adjustment, covers 40-3 micrometer divisions per 
inm., it is obvious that the small object is 1-300 mm. across. The chief 
use of the microscope with a micrometer eye-piece is, however, for accu¬ 
rately comparin <7 small distances, not for their actual determination in 
mm. or cm. It is largely used in some forms of investigation, for observing 
and measuring the minute motions of tho gold leaf of an electroscope. 


TRAVELLING MICROSCOPE 

In the Travelling Microscope or Vernier Microscope a compound 
microscope is mounted so that it may be moved in a direction at right 
angles to its axis by means of a .screw or a rack and pinion. Tho 
distance through which the microscope is moved can he read on a 
fixed scale with the aid of a vernier that moves with the microscope. 
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In the instrument illustrated in Fi^. 0 tlie mieroscope has hnth a 
vertical and a horizontal traverse. It has also an antrular motion so 
that it may he u.sed with the axis vertical or horizontal, or inclinc'd to 
the horizontal at any angle. The eye-piece shoukl he provided with 
cross-w’ire.s, and in adjusting the focus on any object the intcrsccticui of 
the cross-wires should he brought into coincidence with the ))oint of tlic 
ol)ject to be observed. To measure the <li.stance between two points 
focus the microscoix' fiist on one and then on tlie other. It is neces¬ 
sary that the line joining the points should be parallel to the direction 



Fig. 0.—Travi-Illng Microsco|)i: 

of traverse of the microscope. The difference between the readings in 
the tw'o cases gives the distance required. Examples of this method 
will be found in Expts. 77 and 78. 

The comparison of two lengths may be carried out by a substitution 
method using two vernier microscopes. 

Expt. 4. Comparison of the Yard and the Metre.—Sot up securely 
two vernier microscopes so that the line joining them may bo parallel 
to the direction of travel of each microscope. Arrange supports for the 
two scales so as to raise their engraved faces to the sayne heiglit above 
the table, adju.sting this height so as to be able to focus the divisions by 
the micro.scopes. Focus one rnicro.scopo on a divi-sion at one end of the 
yard scale, and the secoiul mieroscope on a division near tlie otlier end. 
Bring the centre of the cro.s.s-wires over tlie centre of the fli\i.sion in 
each case. Note the distance in inches between tiie cross-wires of the 
microscopes. Now remove the yard scab* and substitute the metre scale. 
If the preliminary adjxistments were made correctly, the divisions on 
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tliis scale sliould come into focus at both em s. Mo\e ^ 

clivisidn near one end exactly coinculcs with the centre of the cross-wirc. 
at that end ; tlien the centre of the cross-wires at the other end will fall 
between two scale tlivisimis. Move the microscope at this end by means 
of the slow adjustment towards the microscope at the other end till tho 
centre of the cross-wires coincides with a scale division. Observe the 
distance through which it moves by means of the vernier and scale ot 
the instrument, and note also the distance between the divisions of the 
metre scale. Tlicn the number of inches in the first observation is equal 
to the number of millimetres in the second plus the distance mea.sured 
on tho scale of the microscope. From this result may be calculated the 
length of tho inch or of the yard in centimetres. 


§ 3. Measurement of Time 

Of all tlie measurcraents with which we have to deal in elementary 
physics, that of Time is the most difficult. The scientific unit of time, 
the mean solar second, depends, as we have said, on the period of 
rotation of the earth on its axis. This period is determined by astro¬ 
nomical observations. To obtain multiples or subraultiples, we employ 
a mechanism — a clock or watch — designed on the assumption that 
the oscillations of some body — a pendulum or balance-wheel — are 
isochronous, that is, of equal duration, and consequently mark equal 
intervals of time. Tliis vibrating body is the essential part of the 
apparatus, the rest being merely an arrangement for counting the 
oscillations. No mechanism which is absolutely trustworthy and regular 
lias yet been devised for the measurement of time. The clock rate 
can, liowever, be determined by astronomical methods. In order to 
measure an interval of time, the period is observed by means of a 
clock or watch, and this period is then corrected by the proper factor 
deiientling on the clock rate. 

In all but the most exact determinations it may be assumed that 
the time intervals given by a well-regulated clock or watch, keeping 
civil time, correspond accurately with mean solar time. 

Even if the clock or watch does keep correct time, there are unavoid¬ 
able errors in time observations which are a direct consequence of the 
usual mechanism. In most cases the seconds-hand does not move 
uniformly but in a series of jerks, receiving an impulse each time the 
balance-wheel or pendulum passes through its position of rest. When 
therefore a stop-clock or stop-watch is started, there is a possible error 
equal to half the period of vibration, and a similar error exists when 
it is stopped again. 

Suppose, for example, that the watch ticks every one-fifth of a 
second, then if it is just approaching the position of rest v/hen it is 
started, the seconds-hand will jump forward one-fifth of a second 
immediately the watch starts. Or again, if the watch is stopped just 
as it is about to tick, the final one-fifth of a second will not be 
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recorded, whereas the slightest possible delay in stopping tlie watcli 
would liave recorded it. 

It will be seen, therefore, that stop-watch and stop-clock determina¬ 
tions of time intervals cannot he relied upon to closer tlian one ‘ tick ’ 
of the watch or clock, even if the clock rate is quite acciirato. 

For accuracy of a given order it is therefore essential that the time 
observations shall be prolonged over a certain length of time determined 
by the duration of the ‘ ticks ’ and the accuracy required : accuracy 
of 1 in 1000 demands a period of more than tliree minutes if a watch 
ticking fifths of seconds is used, and so on. 


EYE AND EAR ESTIMATIONS 

If an ordinary clock or watch is used instead of a stop-watch the 
possible error is even greater, owing to the difficulty of estimating 
exactly the position of the moving seconds-hand. This may be got 
over to some extent by combining eye and ear observations, and as 
this method is used frequently in certain types of work, it will be 
described here briefly. 

Suppose tlmt observations are being made on the motion of a pendulum. 
In commencing the time observations the observer starts counting ticks 
ns the seconds-hand commences a fresli minute or pa.sses some other oon- 
\’enient point. This counting is then continued by car, the eye being 
turned to observe tlie pendulum. If the pendulum passes the middle of 
its swing between the 17th and 18th ticks, it is easy to work out tlie exact 
moment wlien this passage took place, and hence the commencement of 
the set of swings to be observed is known to the nearest tick of the watch. 
When the last vibration of the pendulum is completed, and when the 
pendulum is moving through tho middle of the last swing to be observed, 
tlie observer begins to count watch tick.s again, and continues to do so 
until he can look at the watch face and observe the time corresponding to 
the ticks he is counting. An example will illustrate tlie rnetliod :— 

Counting started at 2 h. 31 m. 0 s. 

Pendulum passed middle point at 171li tick after this. 

Counting started at completion of lOOtli complete vibration. 

Watch indicated 2 h. 32 in. 20 s. at 31st count. 

Each watch tick= Jtli sec. 

.'. First swing commenced at 2 h. 31 m. 3-4 s. and 100th swing was completed 
at 2 h. 32 m. 13-H s. 

Hence 100 complete swings take 1 in. 10-4 secs., or tlio period of one swing 
= 0-704 sec. 

The possililo error is 0-2 sec. at each observation. 

The period = 0-704±0-004 see. 

It will be observed that even using precautions of this type and taking 
a large number of swings, the possible error is more than J per cent in 
this case. As in most cases the time has to be sqiiaretl, this error usually 
is doubled. Witli a slower-ticking watch the error is correspondingly 
greater ; an experiencetl observer, however, using a clock, or chronometer, 
ticking iialf-seconds is able to estimate to one-tenth of a second. 

€h!ef Lfbrnriar 

» B r'r,/L ar 
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It i- aU.. worthv of note that the i>ercentage error depends oii [he 

• I time observed' and not on the miinber of oscillations taken, so that 
;; Lme ael uracv vith a smaller number of slow swings as 

witl. a laige number of «,uiek swings, provided the times occupied b> 
swings obsiTVod arc approximately equal* 

It is impossible accurately to estimate fractions of a vibration, and 
therefore the student must invariably find the time Uken for a given 
number of swings, not the number of swings in a given time. 


NOTES ON ACCURATE TIMING 


(Jr-'iit iinprovciiicnts have boon rnmlc during the past half century in 
tho constniction of clocks for timing both long and short inter\als. 

Free-Pendulum Clocks.—Hy making the pendulum more free through¬ 
out its swing much greater accuracy has b^m realised m 
.nccbanical pcn.iulum swinging under gravit.^ tor r ^ 

<lav tlu' Sbortt clock is the best known. This has a free pi nduluin 
swin.nng in a case .-xlmusted of air and kept at a constant temperature. 
To maintain its oscillations this ‘master’ pendulum is f'jhject to an 
impulse everv half minute from a ‘ slave pendulum. The 
an impulse lever which actuates an electric circuit supplying the energy 
r-ciuiied. By means of a ‘ hit and miss ’ device the impu sc lever also 
sends a current to keep the slave pendulum in exact step with the ma^cr. 
Electric signals mav be obtained which are correct to a thousandth of a 
wcond at least. The Shortt clock is commonly used in astronomical 

ob.servatorics. 


Ouartz-Crystal Clocks.—A crv'stnl of quartz when strained becomes 
electrified, and the resulting electrification may be employed in connection 
with \alve amplifiers of tlio tvpe <iescnh(‘d in the last chapter of this 
hook to maintain the oscillation.s of the crystal. These o-scillations. which 
are very rapid, are independent of gravity, and provide the most accurate 
time keepi'r known for period.® of one day or less. The quartz clock ticks 
100.001) times a second, and it is possible to send 1000 time sisals every 
second along a telegraph wire 40 miles long. This clock con also be used 

for lone periods in astronomy* . 

The use of radio signals for time keeping has been mentioned on p. xi. 



CHAPTER III 


MEASUREMENT OF QUANTITIES IN 

DERIVED UNITS 


Of the quantities whieli are measured in ’ derived ’ units, among the 
simplest to measure are areas, volumes, and densities. 


§ 1. Measurement of Area 

MEASUREMENTS OF AREAS BOUNDED BY STRAIGHT LINES 

The unit of area used in scientific work is the sqtiare centimetre, 
that is the area of a square each side of whicli is 1 cm. long. 

For the measurement of areas bounded by straight lines the 
ordinary" rules of mensuration are applied, the lengths requirerl being 
measured by means of a scale. It is possible to subdivide any 
figure of this type into triangles, and the total area is found by 
adding together the areas of the individual triangles, the area of 
a triangle being half the product of the base and tlie perpendicular 
height. 

If the area of a sheet of metal with straiglit edges is required, 
vernier callipers (p. 19) may be used to obtain greater accuracy than 
is possible with an ordinary scale by eye 
estimation. Where convenient, part of the 
area may be subdivided into rectangular 
figures, and only the corners treated as 
triangles. 

Expt. 5. Measurement of the Area of a 
Rectilinear Figure.—Fin<l, by measuring the 
ba.se and the perpendicular lieight, the area of 
a triangle cut out of a thin metal sheet. 

The area is one-half the product of these 
quantities. Since each side in turn may be 
chosen a.s the ba.se, three independent deter¬ 
minations can be matle. The three restilts 
should agree witliin the limits of experimental error. Take the mean of 
the tlirce values as the area of the triangle. 

Determine also the area of other fipares, such as a quadrilateral, a 
pentagon, and a hexagon, by subdividing them into triangles as in 

Fig. 10. 
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MEASUREMENT OF AREAS WITH CURVED BOUNDARIES 

In tilt' case of certain fi"nres with curved bound»aries the relation 
iK'twrcn the area and the linear dimensions is known. Tims for a 
cii( Ic of r:i<lius r, the area is -nr-, while for an ellipse of semi-major 
axis It. arid semi-minor axis h, the area is Trab. 

1. The nu thod of suhdividin^; the area into triangles and rectangles 
ran lie adofited even with irregular areas in order to obtain approxi¬ 
mate values for the area. The accuracy depends on the degree of 
subdivision to a certain extent, but if carried too far, the total possible 
error <lue to minute errors in determining the various small areas may 

more than discount the additional 
accuracy obtained by increased sub¬ 
division. 

This method is the basis of that 
ii.sed in surveying. 

II. If the figure is drawn on 
squared paper, the area can be found 
by counting the number of squares. 
It is clear that the accuracy ob¬ 
tained depends on the fineness of 
the ruling — the smaller the ele¬ 
mentary squares, the more closely can the outline of the given figure 
be followed {Fig. 11). 

This method is a particular case of I., a small square being chosen 
as the unit by which the figure is built up. 

III. Areas can be determined with considerable accuracy by 
making use of the balance. The figure is drawn on a sheet of cardboard 
or thin metal whose thickness should be as uniform as possible. The 
area is then cut out and weighed. From the same sheet is cut an area, 
of wliicli the shape may conveniently be a rectangle or a triangle, and 
its weight is found. The area in this case can be determined from the 
linear dimensions. The unknown area is then calculated by simple 
proportion, assuming that the first area is to the second as the weight 
of the first figure is to the weight of the second. 

Expt. G. Measurement of the Area of a Circle.—Draw a circle of 

cotivenicut radius (5 to 10 cm.) and determine its area by each of the 

three methods I, II, and 111, and deduce a value of tt in each case. 

IV. The area can he fo\ind by means of Simpson's rules. These 
rules serve to determine approximately the area included between 
any regularly curving line and two ordinates drawn at the extremities 
of the curve perpendicular to some base line. 
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Divide tiie base lino into a nuinbei- rtf o<|ua| jiarts, and diaw llio 
corresponding onlinatos, <lividirig the ar(*a into a niunlier of strips. 

First Rule.—Add togotlier the halves of tin* extreme ordinat(‘S and 
the wliole of the intermeiliate ordinates, ami multiply the result hy 
tlie common interval (the distance between eonsecutive ordinates). 

Second Rule.—Aild togetlier tlie extreme ordinates, twice the sum 
of all the odd ordinates (omitting the first and last), four times the sum 
of all the even ordinates, and multiply by one-tliird of the common 
interval. In this case the number of sti-ips must be even. 

The first rule is easier to apply than tlie secoiul, but is slightly less 
accurate. These rules are frequently employed by engineers in tlie 
measurement of indicator diagrams. 

Exi’T. 7. Measurement of the Area of a Semicircle.—Draw a semi¬ 
circle of convenient radius and determine its area by tlie above ruh-s. 
Compare the results witli tlie area found by calculation. 


V. The area can be measured with a Planimeter. Tliis method is 
of great importance to the engineer or surveyor, hut is of a more 
advanced character than the methods so far considered. 


THE PLANIMETER 

A number of instruments have been devised for the direct determina¬ 
tion of plane areas of any contour, the general name Planimeter being 
applied to instruments of this class. Of these, probably the most 
elegant and simple is that due to Professor Amsler of Schaifhausen, 
and as this is the type in general u.se, we shall confine ourselves to 
descrihing the construction and the method of using this planimeter. 

The instrument (Fig. 12) consists of two rods OA and AB hinged 
together at A ; the rod OA is fi.xed at tlie end O, so that A can move 





B 

Tracing 

point 


O fixed 

centre 

Fio. 12.—Aimler’s Plarurnrtt r 
In actual use the rod OA \s generally on the far siile of AD. 


only in tlie path of a circle about O. At B is the tracing point, and tlio 
binge at A is so arranged that the point B can move in any direction in tlio 
plane OAB, the motion being limited only by the lengths of the arms and 
the meclianical construction of the instrument. Somewhere along the arm 
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\li is ino.Mit.-.l a wlieH (\ whosp axis is parallo! to the arm AB, this wheel 
h.-ine osnallv on the si.le of A leniote from B. although tins is not necossarv 
for the sw.iki.ig of th<. i,.strument. This wheel is htte.1 with n circular or 
cvhn.trieal scale 1) suhdivi.lerl into 100 equal parts, ami a vernier scale L 
lixe.l to the frame ••nahles tlie position of the wheel to be read to of a 
revolution. Whole revohit it)iis are registered on a small revolution counter 
eonneeted to the wheel by a worm gearing. 

Thi* in^^trutnent rfstson iUv fixed centre O (Figs. 12 and 13), on the edge 
of the wheel C. and on the tracing point B. If the point B is moved, the 

w hole arm AB will move. Any motion 
, A B of .AB along its own direction will cause 

c|- 7 — -- * rncTe slidiiiff of the wheel, no rotation 

being produced whatever. On the other 
hand, if AB moves perpendicular to its 
length, the wheel will roll a distance 
equal to the distance moved tlirough 
by the arm AB perpendicular to its 
own length. However AB moves, the com* 
poneot of its motion perpendicular to its 
length will be registered by the rolling of the 
wheel, and therefore the distance rolled 


Fio. 13.—Plan of Planimotcr 


through by the wheel due to any motion of AB, is the total distance through which 
AB has moved perpendicular to its own direction. 

From this <iistnncc it is possible to determine the area of the figure 
rouml which B has been taken. 

There is an important difference between the case where O is outside 
the figure round which B moves, and the cose when O Is included within 
this contour ; and we shall first consider the case wlien O is outside the 
area to be determined. 


Area not enclosing the Fixed Centre 

Con.sidcr the arm AB to move from the position A|B| to the position 
AjB, (Fig. 14). A wouhl move along the circle about O from Aj to A,, 



Fio. 14.—Elementary Area traced by Plaoimetcr 

and B might traverse the path BjB,. The same position would have been 
reached if AB hod moved parallel to itself into the position AjB, and then 
had rotated about A, into the final position A^B,. 
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If tho p(M-poiKlloiilar <listane<' A,B, and is a small amount 

S.?, anti tlie aiigk* bct\v<*«'n A.Bj and AjBj is a small anolc SS, tho ari'a 
swept out by tlie aim AB in this motion would b<^ <‘(|ual to hBs , \h-Si<l>, 
where h- lengtli of arm AB. 

'I'he actual area swept out, AjAjBjB, will differ from tins by tlu' small 
area BjBjBj, which will be negligible if Ss and arc small, amt hence 
we have that 

Small area swept out by AB = 68s + 

Any motion of AB can be taken ns tlie sum of a number of elementary 
motions of tliis type, and therefore, in any motion of the arm AB, 

Total area swept out by AB = ^[bSs + J6-5r^). 

The symbol S (Creek, sigma) here, ami elsewhere, is used to denote 
the sum of a scries of terms which are all of the snine type. 


Suppose that the point H moves completely- round an area not enclosing 
the fixed centre O. 

Let the extreme positions of the arm be A,B, and AjBj (Fig. la), B 
circulating round the area BiEBjFB, in the positive direction, so that the 





area always lies on the right hand side of an observer moving round with 
the point B. 

In traver-sing tlie path BiEB*, the arm AB sweeps out an area 
A,AjB*EBi, while on the return journey via F, it sweeps out an urea 
A,AjBjFB,. Thus, the net area swept out by the arm AB when B moves round 
the given contour, is the area enclosed by the contour. 

Thus Area B,EB.F= £(68i.' + WS6), 

or Area required = 628s + |6*28^. 

Now the arm AB returns to the same position as at first, when B goes 
completely round the area, and therefore 28^=0. 

Hence Area B,EBjF = 628s = 6S, 

where S = total distance rolled through by the wheel. 


For areas not enclosing the fixed centre 0, the area round which 
the tracing point is taken is equal to the distance through which the 
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wlu'cl rolls, multiplied By the length of the arm from the hinge A to 
the tr;i( ijig ))oitit H. 


Areas enclosing the Fixed Centre 0 




The Zero Circle.—Before considering the general case of auy area enclos- 
inc the nxe<l centre, it is essential to consider the si)ecial ca.se of the zero 
circle * If 've clamp the two arms of the plammeter together iii such a 
pcsilion that the plane of the wheel passe.s through the Hxed ccmtre.t^^^ 
noitU H can move only iii a circle of radius OB about O (tig- p- 
^ If we cause 13 to 'trace out this circle, the wheel C wdl not roll any 
<lisiunce whatever, because it is moving perpendicular to ite own plane 

the whole time. Thus, when this circle 
is traced out by B, the reading of 
the wheel is unaltered or the registra* 
tion of the wheel is zero, hence the 
term ’ zero ’ circle which is applied to 
tlu.s particular circle. 

By placing the planimeter in this 
position (it is unnecessary to davip 
it) the length OB can be measured, 
and hence the area of the zero circle 
can be determined. 

General Case of any Area enclosing 
the Fixed Centre.—Consider the area 
ABCDEF (Fig. IG) enclosing the fixed 
centre O, and let the dotted line 
indicate the zero circle. If we take 
the tracing point from A to B along 
the curve, and then return to A along 
tfifl zero circle, we shall have traced 



Fio. 1(5.—Area enclosing the Fixed Centre 


out the area AGBH in the positive direction, and therefore the reading 
on the wlieel will correspond with this area AGBH, since this docs not 
include 0. 

Now this reading of the wheel was all registered during tlie motion 
from A to B along the curve, since there is no rolling of the wheel when 
the tracing point travels along the zero circle. Hence the area AGBH is 
registered by the wheel while it is moving from A to B along the curve. 

If now wo start at B and go round BKCL we shall have traversed the 
contour of the area BKCL in the negative direction, and the wheel will 
have rolled backwards a distance corresponding with the area BKCL. 
Again, the whole of this movement was recorded while the tracing point 
wius moving along BKC, and hence in moving along BKC, the area BKCL 
was recorded negatively. 

It is obvious from the foregoing that the wheel automatically reverses 
its direction of rotation as tho tracing point crosses the zero circle, and 
therefore the zero circle need not be drawn. It is therefor© apparent that 
when tho tracing point is taken round an area which includes the fixed 
cctitre, the total distance roUed through by the wheel corresponds with the algebraic 
sum of the areas outside the zero circle. 

The area rctpiired is given by the area corresponding with the distance 
recorded by the wheel, plus the area of the zero circle ; hence the zero 
circle must first bo determined as described above. 

Great care must be used to notice in what direction the instrument is 
recording when using it with the centre inside the area to be measured, 
and of course the positive or negative sign prefixed as reouired : the 
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trucinj’ point must iiluays lx.* caus«‘(l to ^o num«l tia* contour iu tho posi¬ 
tive ciiroction. 

Exj'T. 8. Calibration of the Planimeter.—'I'he first thing to he done 
in using a plnnimotcr is to find out wliat area correspoiufs with one whole 
re\olutiou of the rolling wheel. 'This of course depends on the length 
of the tracing arm from the hinge to tho tracing point, and also on the 
diameter of the wheel. 

(i) Determination of the Length of the Tracing Arm. — Set the hinge 
carrier until the index on it is in line with one of the lines on tho side 
of tlie tracing arm—the line marked 100 cm. □ is a convenient one. 
or if the planimetei- gi\ es inches it may be a<Ijustcd to the line marked 
1(1 in. Q. W'c have now to find tho length from the hinge to the tracing 
point. This is no easy matter, as usually the hinge is enclosed almost 
entirely by the hinge carrier uiul adjustments. The best way is to lay 
the instrument on its side on a sheet of .sepmred paper, placing the tracing 
point on some definite line in the paper, and estimating to the nearest 
01 mm. where the axis of the pivots lies. The tracing bar must be placed 
parallel to one side of tlie squared paper in ortler that the length may be 
obtained accurately’. 

In some forms of planimeter two points are carried on the top of tlio 
tracing arm ; one of these Ls fixed near the emi of the arm, and the other 
moves with the hinge carrier. They are so placed by the maker of the 
instrument that the distance between them is exactly equal to the distance 
between the tracing point aiul the axis of the hinge. Consequently this 
distance may be measured uith a scale — a much simpler and mure 
accurate ob.servation than that already described. The distance thus 
obtained is the length 6 already referred to in tho description of tlio 
instrument. 

(ii) Determination of the Circumference of the Wheel.—The circumference 
of the tracing wheel is determined by ineasuring the diameter d with a 
micrometer screw gauge and multiplying by w, care being taken to ad¬ 
just the micrometer screw till it touches the wheel edge very lightly only, 
otherwise the edge of the wheel may be deformed and tlio accuracy of the 
instrument destroyed. 

The product of the length of the arm b and the circumference of tlie 
wheel Trd is the area corresponding with one revolution of the wheel when 
the instrument is in this adjustment. 

This product will be found to coincide very nearly with the indication 
100 cm. □ or 10 in. □ on the side of the tracing arm to which the liingo 
carrier was adjusted. These graduations are made by the maker of tlie 
instrument, and are the areas corresponding w’ith one revolution of tho 
wheel with the instrument adjusted in this manner. It is obvious that tho 
above methods for getting b and d are somewhat crude ; the instrument 
maker has more accurate means of measuring these quantities, so that, 
unless the instrument is old, or has been handled severely and tlistorted, 
the values indicated on the tracing arm should be used. 

Expt. 9. Determination of Small Areas with the Planimeter.—The 
area considered is small enough for the fixed centre O to be taken out¬ 
side the figure. 

(i) Percentage Error with Planimeter.—Trace out a square of side 
10 cm. and, having taken the tracing point round the contour, convert 
the reading of the planimeter into sq. cm. ; express the difference 
between this and 100 sq. cm. as a percentage of the total area. Thic 
gives the percentage error of observation with this form of instrument. 
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(ii) Area of a Circle with Planimeter.— Draw a circle of 10 cm. radius 
tiiid its area by the plani.neter ; hence determine the value of 

Exrr. 10. Determination of the Area of the Zero Circle of the Plani- 

meter—The use of the instrument for small are^s. and tl*® method of 

tinnsiatine its indications being now thoroughly understood, it is 

essential tliat the zero circle should he determined m order that large 

areas enclosing the fixed point may 

be measured. 

(i) Calculation of the Area of the 
Zero Circle.—Place the wheel on a 
piece of squared paper so that its 
point of contact with the paper is 
exactly on one corner of the squares, 
and its plane lies along one of the 
sides of the squares. Place the 
tracing point on one of the edges, 
and the fixed centre on the edge in 
the plane of the wheel, pricking both 
points into the paper. 

Tho instrument is now fixed 
with the plane of the wheel passing 



Fiii. 17.—Position for Zero Circle 


through the fixetl point, and therefore, as described in the foregoing 
investigation, the distance between the fixed point and the tracing point 
is tho radius of the zero circle. This distance can be measured, and 
hence tho area of the zero circle found, or, since in Fig. 17 


we can write 


a:* + y* = R*, 

Area of Zero circle = ir(x* +i/*)> 


and R need not be measured. 

If the top of the tracing bar is examined, it will be found that there 
are various numbers marked on it at different points, each number being 
above one of the graduations on the side of the bar. These are the areas 
of the zero circles corresponding with the various positions of the hinge 
carrier, and are usually expressed in revolutions of the wheel in that position ; 
c.j 7 . if the index on the hinge carrier is set to the line marked 100 cm. □, 
and the number on tho top of the bar opposite to this line is 20-731, this 
means that the zero circle has an area equivalent to 20-731 revolutions of 
the wheel, i.e. an area of 2073 1 sq. cm. 

Express the indicated zero circle area in sq. cm., and compare this 
with the area calculated from your observations, as described in the 
preceding paragraph. As before, the methods available to the instrument 
maker are probably much more accurate than the crude method described, 
and the indicated area should be used unless the instrument is obviously 
badly worn or distorted. 

(ii) Experimental Determination of the Zero Circle Area.—The zero circle 
area can be determined quite simply by the indications of the plani- 
meter itself. Take some area (regular or irregular) of such a size 
that it can be contoured without difficulty with the fixed point outside : 
a figure about 20 cm. across is suitable for most instruments when set 
to the 100 cm. □ graduation. 

Go round this area with the tracing point, having the fixed centre 
outside, and write down the area as indicated by the planimeter : let 
this be A. 

Next place the fixed centre inside the area and go round the figure 
again. This must be done slowly, as the wheel revolves very rapidly. 
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nncl maj’ slip or jump from ofi’ the paper if care is not taken. Be careful 
to notice also that tlie reading is diininishimj all tl>e tiiiu*, ».<. the area 
is giving a rurjafiiT registration on the uhecl : the urea is of course 
being contoured in tlie jiositivc tlirection. 

Wlieii this registration has been obtained, we ma\' use the equation 
already proved for the case where the fixed centre is inside : 

Area A = registered area +zero circle area. 


In general, this equation would be u.sed to find the area A, but wo can 
apply it in this special case to find the zero circle area, ^^’e have determined 
already the area A by means of the planimeter, using it witli the fixed 
point outside, and we have just obtained the area, registered with this 
point inside, so that the zero circle area is equal to the alyebraic differenco 
of these two quantities, or, since one is negative, to their arithmetic sum. 

As an example of this :— 

Fixed point outside 

First reading . . . 2 13U revolutions 

Second reading . • 5 713 revolutions 

Registration . . . 3 574 revolutions 

Area= 357-4 sq. cm. 

Fixed point inside 

First reading . . . (2) 5-781 revolutions 

Second reading . . 8-G33 revolutions 

Registration . . . - 17^148 revolutions 

Tlie registration was negative all the time, and the wheel counting 
whole revolutions of the rolling wheel passed through its zero twice, 
hence the (2) in front of the first reading. 

Thus 

357-4 = ( - 1714-8) + zero circle area, 
or Area of Zero circle = 2072-2 sq. cm. 

The indicated value was 2073-1 sq. cm. 

Find the area of the zero circle by these two methods, and compare 
their results w’ith the area indicated on the top of the bar. 

Expt. 11. Determination of Large Areas with the Planimeter. — In 
this case the area is supposed to be so largo that the fixed centre O 
must be taken inside it. 

An ellipse is a closed curve every point of which has the sum of 
its distances from two fixed points (the foci) constant. The diameter 
through the foci is the major axis ; the minor axis bisects the major at 
right angles. It may be drawn by constraining a pencil point by means 
of a continuous loop of thread passing round two pins as the foci. 

Draw a large ellipse about 40 cm. x 70 cm., using a loop of thread 
and two pins, and find its area, using the planimeter. Show that the 

area is - times the area of the circumscribing rectangle, the sides of which 
4 

are parallel to the major and minor axes of the ellipse. 
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§2. I)i:tkumisati(in of Volume and Density 

'riie density of a suhstimce is defined as the mass per unit volume 
or the mass in grams of 1 e.c. (in the (J.G.S. system). If M be the mass 
and V the volume, the density is given by the quotient M/V ; this 
tvili be expressed asgm. per c.c.,orgm. cra.'^, if M is in gm. and V in c.c. 

I'xPT. \ ‘2. Determination of the Density of a Regular Solid by use of 
the Vernier Callipers.—.Mea.sure carefully the linear dimensions of a 
number of regular soli<ls with the vernier callipers, reading to U l rnm., 
de<lucting (algebraically) the ‘ zero reading ’ of the callipers from each 
of the leaflings taken. 

Kepeat each observation at least tliree times, and if possible at 
different pcants of the object, and take the mean of the results, c.g. in 
getting tlie diameter of a c^diniler it should be measured at each end, 
and in the middle ns well, to correct for any ‘ taper At each place, 
two tliaineU*j-s at right angles to each other should be measured to correct 
for any elli[)ticity, the mean of these six observations being taken as the 
t rue diameter. 

Calculate from yo\ir ob.servntions the volume of the body, expressing 
the results in cubic centimetres. (Formulae for this are given on p. 5.59 
for various regular shapes.) 

Find, by means of the balance, the mass of the body, and calculate 
it.s densitv. 

V 

Exit. 13. Determination of the Density of a Regular Solid by means 
of a Micrometer Screw Gauge.—Determine the volume of a number of 
regvdar solids by measuring their linear dimensions with the micrometer 
screw gauge. 

F'ind the mass of each solid by weighing it on a balance, and calculate 
the density, or the mass of unit volume, as in the preceding experiment. 


§ 3. The Spherometer 


The Spherometer is an instrument used for measuring the radius 
of curvature of a spherical surface. In many cases — as. for example, 
when dealing with a lens —the surface is only a small portion of a 
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spliere. In such a case tlie radius of 
curvature is the radius of the (imagin¬ 
ary) sphere of which the surface forms 
a part. 

The instrument (Fig. 18) consists of a 
small table supported by three legs. A, 
B, C, placed as nearly as possible at 
the corners of an equilateral triangle. 
Through the centre of tlie table passes 
a screw of fine pitch (usually 0-5 mm. 
or 1 mm.) forming a fourth leg O. The 
position of this leg can be read bj' means 
of a scale fixe<l at right angles to the 
table and a circular sc^e attached to the 
head of the screw. 
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Extt. 14. Measurement of the Thickness of a Plate by Means of the 
Spherometer.—Iti a .splu*ronieter the first thing to be* clone is to 

(letcTtnino t!ie» value of the piadnations of tiie two scale's, for all instrei- 
inents are not pa<hiatecl in the same way. Find out l»ow fai- the serc'W 
advances when the head is turned through otie complete revolution. 
This distance will probably be 0 .> mm. oi- i 0 mm. Notice' next tho 
number of divisions on the circular disk and determine liow far the .serc'w 
ndvanci's when the disk is turnc<I through ono division. For exam[)le, 
if the pitcli of the screw is 0 5 nun. and there are fifty divi.^ions on tho 
graduated head, each divisicjii corresponds with a movement of 0 01 mm. 
of the jjoint of the .screw (see p. 20). 

When the zero on the graduated disk is opposite the zero on the liiu'ar 
scale, the point of the screw is .supposed to be in tbe same plaite as tho 
three fixed feet. In general this is not exactly the case, and it is necessaiy 
therefore to determine the amount of ‘ zero c'lror ’ of tlie instrument, or 
the ■ zero reading 'I'o do this, place tho spheronieter on a plane surface 
such as an optically worked ghtss plate. Turn the head of the instru¬ 
ment till the point of the scic'W just touches tljo surface*, 'i'he exact 
position can be determined by touching one of tlie outside h*gs with tlio 
finger tip or a pencil, and obseiving if the instrument will rotate about 
the screw point. Tho screw’ must be turned until the instrument rotates 
when touched in this manner, but will no longer do so if the screw is 
raised the sHglitcst degree. Repeat the observation several times and 
take the mean of the rea<lings a.s the zero reading. Thi.s quantity must 
be subtractotl algebraically from all subserjiient readings. 

Tho thickness of a plate of glass can be measured ns a j>reliminai\\’ 
experiment, by d<‘tcriniiiing the zero reading on a plane surface, and 
then finding tho reading when the screw point is resting ot> tlie top of a 
small plate, while the other feet still stand on the plane surface. 

It is often convenient not to take any ticcount of tho vertical scale 
except to find tlie distance the point ri.scs for one turn. Instead of tho 
vertical scale reading, the number of whole turns of the divided hea<l 
should be countetl, each turn being reckoned as 00 or 100 of the graduate<J 
)ica<l divi.sions as the case may be, tlio travel of the* point being statcvl 
in terms of the.se. 

lOxAMPLE.—Zero reading is 23 divisions on the circular head. 

In order that the screw point should rest on the top of a small plate, 
four whole turns and part of a fifth were made and tJic reading on the 
circular head when correctly adjtistetl was Go. 

There were 100 divisions on the circular heatl, therefore the number o. 
divisions turrietl through 

= 4 whole turns + G5 - 23, 

= 442 divisions. 

Tho pitch of tho screw is 0-5 rnni., therefore each division is equivalent 
to »'ni. Thieknc.ss of plate = 0 221 cm. 

Expt. 15. Measurement of the Radius of Curvature of the Surface of 
a Lens or Mirror.—Place the spherometer with the fixed feet resting on 
the surface, and adjust tho central foot till it just touches tho stirface. 
Read tho circular scale. Replace the instrument on the plane surface 
and find how many whole turns have to be made to bring the central 
foot back to the plane of the other three feet. From this and tlie read¬ 
ings of tho circular head in the two adjustments find, as above, the 
<listance through which the screw was moved. Take the mean of several 
adjustments and let tho height be A cm. 

\\'e also require to know the distance between two fixed feet. Measure 
this carefully to 0 1 inm. witli a millimetre scale for each side of the 

l^ioiu/y -Dri t^raiap Gollag^^ 
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trinnuU- aii<l tnkv tlio mean of the results : let it be a cm. 
TJien I he radius of curvature is given by the expression 



a* h 

6h^ 2 


yji—l. Since R depends on the square of a, a small percentage error 
in a means an <'ridr of twice this inagnitudo (per cent) in R. 

II. If h is in cm., a must he in cm., and the value of R will be found 
in cm. 

III. The term hi’l can often be negh'ctcfl in comparison with a^/dh. 


The results should be entered as follows :— 

Itc.'Klina on Plane Rcadlntt on Lons 

22 divisions 48 divisions 

24 divisions 47 divi.sions 

23 divisions 4G di\ isions 

Jlean 23 divisions Mean 47 divisions 

Difference = 24 divisions 


Tlio screw head was turned through two complete turns. 
/< = 2 turns and 24 divisions = 0112 cm. 


Di^tanrp liptween Feet 
3-01 cm. 

3 03 cm. 

2 00 cm. 

Mean a = 3 01 cm. 

Thus tho radius of curvature is IS*.*! cm. 


,, (301)* 0112 

’^ = 6x0112^ -2- 

=s 13-5 cm. 


It is u.seful to expres.s the curvature of tho surface in dioptres, this being 
tho unit of curvature employed by opticians. A surface having a radius of 
currature of one metre has a curvature of one dioptre, and thus for any surface the 
curvature in dioptres is the reciprocal of the radius of curvature in metres. The 
curvature in the example given is 100/13-5= 7-41 dioptres. 

ct* h 

Proof of the formula R = zi: + "- 

0/1 2 


In this formula a is the length of tho side of the equilateral triangle formed by 
tho throe feet (Fig. 19). 

Let X denote OB, the radius of the circumscribing circle. 

Then, if OD be at right angles to BC, 



and 


OD = 


X 



for ABOD is one half of an equilateral triangle. 
Now OB*=OD* + BD*. 


or 



4 4’ 



a* 

3* 
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To fin<l the radius of curvatun' H, wo ronsjdor a section of the splicre bv n 
piano througli its centre and tlirough the lino HO in Fig. 19. Thus we obtain 




Fia. 10.—Plan of Splioronieter 

Fig. 20, in which only a portion of the circle of curvature is shown, 
diameter PQ meet this circle again in S (not shown in Fig. 2l)) 


If the 


\\’© know that 
Hence, 


or, finally. 


QS=QP=: R. 

OB= OB'=/- and OP=;.. 

OS X OP=OH xOir. 
(2R -h)h = r^, 

2R/, = x^ + h', 

„ x» A 
^“ 27 . ^2 

n* A 


NOTES ON UNITS AND DIMENSIONS 

Having chosen units of length (L) moss (M), anti time (T), we may 
proceed to find in terrn.s of them units for other mechanical quantities, sucli 
as the derived magnitudes just considered. 

In this book, as in the earlier etlitions, we shall use the abbreviations 
cm. for centimetre, gm. for gram, and sec. for second for the fundamental 
units in the C.G.S. system. IMany writers use the abbreviation g. for 
gram, but this is liable to cause confusion, because the same letter is 
required in dynamics for the acceleration due to gravity. 

An area [A] is a quantity of a different kind from a length, but it is 
convenient to make use of the unit of length in defining the derived unit. 
We may select as the unit of area a square having each side of length 1 cm. 
The area of a rectangle having sides of length a cm. and b cm. is a x b 
square centimetres which may bo written cither as ab sq. cm. or as ah cm.-. 
While a lino has only one dimension, a piano surface has two dimensions. 
This is the origin of the term ‘ dimensions ’ as applied to other magnitudes. 

A volume [V] may be measured by taking as unit volume a cube having 
each side of length 1 cm. A rectangular block liaving «;<lges of a, b and 
c cm. would have a volume of axbxc cubic centimetres, or abc cm.*. 
The ‘ dimensions ’ of volume are 3 in respect of length. 

Density fD] has been defined (p. 36) ns mass per unit volume or D 
= M/Vso that the value is expressed in terms of gm. cm.'*. The ‘dimen¬ 
sions ’ of density are 1 in respect of mass and - 3 in respect of length. 
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DETERMINATION OF SPECIFIC GRAVITIES 

§ 1. Definition of Specific Gravity 

The specific gravity, or relative density, of a substance is defined aa 
tlie ratio of the weight of any volume of that substance to the weight 
of an eijual volume of some standard substance. The standard sub¬ 
stance usually chosen is water. For exact work it is necessary to 
specify the temperatures at which tlie measurements are made. Thus 
water is chosen at the temperature of 4® C., that is, at the point of 
maximum density. For ordinary purposes, sufficient accuracy is 
attained by making the measurements at the temperature of the room. 


§2. The Specific Gra\tty Bottle 

The Specific Gravity Bottle is a bottle constructed so as to contain a 
tlefiuito volume of a liquid. In a common form the bottle is fitted with a 

ground-in stopper pierced by a small 
bole. The bottle is filled completely, 
and when the stopper is inserted the 
excess liquid escapes and can be wiped 
away. 

A simpler and more accurate form 
has a narrow neck on which a mark, 
AB, is made. The bottle is filled so 
that the bottom of the meniscus is 
level with the mark, any surplus liquid 
being removed by filter paper, or by 
a small pipette. The reason for the 
^eater accuracy of this form of bottle 
is that the stopper in the first case, 
being a finely tapered cone, can be 
wedged in farther sometimes than others, particularly if the bottle is 
slightly warmer than the stopper. 

Expt. 16. Determination of the Specific Gravity of a Liquid by using 
the Specific Gravity Bottle.—The bottle must first be dried thoroughly. 
Attach a gloss tube, narrow enough to enter the bottle, to the nozzle of 
the foot-bellows by means of rubber tubing, and blow air into the interior 
of the bottle. At the same time warm the bottle very gently by holding 
it above (not in) the flame of a spirit-lamp or Bunsen burner. Hold the 
bottle by the neck and keep it constantly rotating so as to prevent 
imequal heating, which would bo liable to crack the glass. 

When tlie bottle is dry and cold, place it on the left-hand pan of the 

•10 




Fio. 21.—Specific Gravity Bottlofl 



CH. IV 


DETERMINATION OF SPECIFK' GRAVITIES 


41 


hiilance anfl d<‘formiiK- iis corR>< t (o the n<*!iiest oanticram Lot 

the \\oi<'lit bo II gm. 

Tlioii fill the botth- to tlio innrk with water. Ix ing oaioful to avoid 
an error due to parallax by holding the bottle witli the mark on the 
same level as the eye. W’eij'Ji again an«l let the widght be \V gm. 

The weight of water filling the bottle is therefore \V - B gm. 

Record (1) the weight of the bottle. (2) the weight of the"bottle and 
water, {:]) tin* wc^i^ht of filling the bottle. 

Fill the bottle to the murk with tlie liquid the .specilic gravity of 
which is tf) be <letoriniiu‘<l. 

\\ eigh tlte bottle full of li<|ni<i ami let the weight be w gm. The 
weight of li(jui<l Idling the b()ftlc' is »e - B gm. 

Thereforo the specific gravity of the li«]uid is 

te - B 
\V - B' 

Record (I) tlie weight of the Ixdtie, (2) the weight of the bottle atid 
(lie li((Mid, (3) the weight of litjuid filling the bottle, and firstly the speedic; 
gra\ it_N- of the liejuid. 


SPECIFIC GRAVITY OF A GRANULAR SOLID 

The method with the specific gravity bottle is applicable to solifl 
substances that are Jicavier than water ami insoluble in it. 'J'ho specific 
gra\dty f)f .sum! or small shot may be fouml b_\' thi.s method. lit the case 
of a snb.stance like gla.s.s, the .solid mu.st be broken up into fragments small 
enough to go into the specific gravity bottle. 

If the suhstance* is lighter than water, or is soluble in it, we can nso 
some other liqui<l in tlie deteriniiiutioti, but in this case a se|>arate exjiori- 
ment i.s necessary to dcteriniiio the specific gravity of the liquid em¬ 
ployed. 

In determining the specific gravity of sand, it is not sufiicient to fill 
the bottle with sand and proceed as though we were dealing witli a liquid. 
Hy .so doing we should find the specific gravity, not of sand, but of a 
mixture of sand and air ; for a largo amount of air is imprisoned between 
tlie .sand groins. 

Expt. 17. Determination of the Specific Gravity of a Granular Solid, 
by using the Specific Gravity Bottle.—First determine the weight, B, of 
tlie empty bottle, a.s in the previous experiment. 

Fill the bottle about one-tliird full with sand, being careful to use 
dry sand in a dry bottle. \\’eigh the bottle and sand and let the weight 
bo \Vi gm. 

The wciglit of sand alone is - B gm. Fill up the space above the 
sand and between the grains with water, shaking the bottle round and 
round to get rid of air bubbles from among the sand. If great accuracy 
is required, the air must be removed by connecting tlie neck of the bottle 
with a vacuum pump b_\' rubber tubing. Adjust the level of the water 
to tlie mark. Let the w’eiglit now be W, gm. Then the weight of water 
added is Wj - W, gm. 

Empty the bottle ; fill it to the mark with water, and weigh again. 
Let the weight be \V gm. Then the weight of water required to fill the 
bottle to the mark is \V - H gm. The difference betw'een these two 
quantities of water (viz. \\’ - 13 and i g*n.) represents the ciuantity 

of water required to fill the space occupied by the sand. Calculate this 
quantity and record the result. 
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^so\s till' j:ravit> of sniul 

of sntu l_ 

” Weight of equal volume of water' 

Weiglit of sniid_ 

~ Quantity of water required to fill th<r 
space occu[)ied b^\’ the suiul 

Calculate the vspecific gravity of sand and record the result. 


§ 3. The Hydrostatic Balance 
FORCES BETWEEN BODIES IN CONTACT 

When two bodies are in contact, the action and reaction constitute 
a pair of forces which, in accordance with Newton's Tliird Law, are 
cfjual and opposite. 

If the force be at right angles to the surface of contact of the 
two botlics, it is called a thrust. A thrust is measured in dynes or in 
gm.-weight. 

In any actual case the bodies must be in contact over a finite area. 
We speak of the pressure between two bodies in contact, wlien con¬ 
sidering the forces as distributed over the surfaces in contact. 

Tlie pressure at a point is found by dividing the thrust on an ele¬ 
ment of area round that point by the number of units of area in the 
element. Pressure is measured in dynes per square centimetre. 

When one of the substances in question is a fluid and the other 
a solid, the resultant force due to the fluid pressures on the solid can 
be determined in a simple way by a principle which we shall now 
consider. 

PRINCIPLE OF ARCHIMEDES 


The Principle of Archimedes is usually stated as follows: — When 
a body is immersed in a fluid, its weight is apparently diminished by 
the weight of the fluid displaced. A simpler and more direct statement 
of the principle is : When a body is wholly or partially immersed in a 
fluid at rest, it experiences an upward thrust equal to the weight of the 
fluid displaced. 


The truth of this principle may be anticipated theoretically on 
certain assumptions as to the action of fluid pressure, or by a simple 
type of experiment it may be verified practically. 

If we consider the equilibrium of any portion of a fluid at rest, 
it is obvious tliat this portion must be supported by the fluid sur¬ 
rounding it, otherwise its weight would cause it to sink. It is also 
obvious that this supporting force must be exactly equal to the W'eight 
of the portion considered. 
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The support is ^rjvon hy pressures exerted hy the siirroundiiiK Ihiid 
{indicated hy the small arrows in Fig. 22). the resultant of which is 
equal to tlie weight of the portion considered lint acts vertically 
upwards. The resultant suj>porting force may lie teiined tlie 
upthrust. 


If now a portion of the fluid be imagined removed, and a solid of 
exactly the same sliape he put in its place, the 
surrounding fluid will still exert the same pres¬ 
sures as before ; therefore the solid will he sup¬ 
ported with a force equal to that which was 
exerted on the fluid which has been displaced. 

But this supporting force is equal to the 
weight of the displaced fluid, therefore the soUd 
will be supported by a force — the upthrust — 
equal to the weight of the fluid it has displaced, 
and its weight will apparently he diminished hy 
this amount. 

Expt. 18. Experimental Verification of the 
Principle of Archimedes.—For the experimental 
demonstration of the truth of this princi})le two cylin«lers arc used, one 
solid an{l tlie other hollow, the latter being matle just large enough to 
allow the solid cylinder to be placed inside it. 

The cylinders are provided with liooks .so that the .solid cylinder (.-\) 
may he suspended underneath that which is hollow (H) : Fig. 23 gives a 

sectional view of B with A partly withdrawn. 

A is suspeiKled below B, and both are hung from the 
beam of a bulaiico ; in the hydrostatic balances generally 
used, they are lumg honeath the short pan as shown on 
the left in Fig. 24, a short piece of tliread or very fine bras.s 
wire being used to let A swing well clear of B. 

A and B should then bo counterpoised by weights jilnced 
in the other pan. If now a vessel of water is p)ace<l beneath 
A and raised (or A lowered) until A is immersed completely, 
it will be seen that the beam is no longer horizontal, the 
counterpoising weights being too great. 

Equilibrium is restored completely, however, if B is filled 
Fio. 23.—nojlow tQ brim with water, thus showing tlmt the weight lost 
inder when A is immersed, is just made tip by adding a quantity 

of water equal in volume to A, so that when A is immersed 
in water, it loses a weight equal to the weight of its own volume of 
water. 

Remove the water from B and add weights in the small scalc-pnn 
until balance is restored again. Evidently the weight thus a<lded is 
equal to the weight of water which fills B, or to the weight of water dis¬ 
placed by A. 

Repeat the whole experiment, using methylated spirit, paraffin oil, 
or any other liquid convenient. Note that after immersing A equilibrium 
is restored, when B is fille<l with the same kitid of liquid as that in which 
A is immersed, tlui.s verifying tlie Principle of Archimedes. 




FUf. *J2. —Prinripir of 
Andiniipdea 


It is important to note that tlie apparent loss of weiglit is not tlie same 
in tlie various cases. This must bo so since the upthrusts are the weights 
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of (Miual volumes of different liquids. If one of tho liquids is water, we 
cull at Oiu-e iledtico the specific gravity of any of the other liquids, for 

Weight of any volume of liquid 
Specilic gravity = volume of water’ 

I’pthrnst duo to liquid 
“ Upthrust duo to water’ 



Fia. 24.—VcrIflcatioD of the Priaciplc of Archimedes 


APPLICATIONS OF THE PRINCIPLE OF ARCHIMEDES 

The Principle of Archimedes affords a most important method of 
determining the specific gravities of both solids and liquids. When a solid 
is completely immersed in a liquid, the upthrust on the solid is equal to 
tho weight of a quantity of liquid which has the same volume as the solid. 
Hence by comparing the weight of the solid with the upthrust, we can 
compare the specific gravity of the solid with that of the Liquid, for the 
volumes considered are the same in each case. 

In particular, if we find tho upthrust on a solid of known weight com¬ 
pletely immersed in w'ater, we known the weight of water having a volume 
equal to that of the solid, and can at once deduce the specific gravity 
of the solid. 

Expt. 19, Determination of Specific Gravities, using the Principle of 
Archimedes.--The specific gravity of a solid or of a liquid may be 
determined with the hydrostatic balance. 

(a) Specific Gravity of a Solid (insoluble in water).—Suspend the solid 
by a fine thread or wire from the short pan of a hydrostatic balance, or 
from the hook carrying the pan of an ordinary balance. Counterpoise 
the body when hanging freely in nir, and again when immersed in water, 
supporting the beaker of water on a specific gravity stool if an ordinary 
balance is used. Hence determine the upthrust, and calculate the specific 
gravity, which is the ratio of tho weight of the body in air to the upthrust. 
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{h) Specific Gravity of a Liquid. —Writ'll u solid in air Ainl in watc-r a.s 
dc>sciilu-<l in («). atul find tlu- nplliinst dm- lo fho water. 'I'lu-n weir’ll 
till- solid in the li(|iiid ullo.•^t• spi-cifii- gra\it\’ !•» ri-ijuin-d, and find llio 
u[)lhnist ilm* to (lit- litpiiil. Sini-t- the noIiiiik- considi*red is (he same in 
each c-a.se. the specific t^nivily of the hipiid is (lie ratio of the iiptlinist 
due to tlio liiphd to tlie uplliriist due to water. 

(r) Specific Gravity of a Solid (soluble in water).—Choose some liipiiil in wliicli 
the solid is insuhilile. Deteriiiine the specific gravit\- .v of the liipiid by 
method (/>), u.sing another .solid (.such a.s gla.ss) which is insoluble both iii 
water and in the licjuai. Weigh the .solid in air and in the licpiitl, and 
find the upthrust due to the liipiid. This is the weight of licpiiil hax'ing 
tlu' same volume as the solid. To fiiul tiu? weight of an ecpial volume of 
water we must di\ido this by *•. The specific gra\it\' of the solid can 
then bo deduced. 


[d) Specific Gravity of a Solid less dense than Water.— Weigh the hotly (say 
wax; in air. 

As the btidy i.s K-ss dense tlian water it would float on the surface 
of water. In order to find the uptlirii.st when the body i.s coinjiletely 
immersed in \\atei-, wc employ a ‘ sinker that i.s a piece of metal of high 
specific gruvit v, sufficiently lu>nvy to sink the wax. 

Fii-st find the weight of the metal sinker alone in water. By adding 
the.se two results we find the weight of the wax in air and tlie sinker in 
water. Then attach the wax to the sinker and find the weight of the 
wax and sinker together, when both are in water. Tlio difference between 
this result atul the former is tlue to (he iipthrimt on the wax, for the sinker 
was in water on each occasion. Knowing the weight of the wax in aii-, 
and the u|)thrust on the wax when it is iininersed in water, we can at 
once deduce the specific grus ity of tlio wax. 


The following example illustratos the method of working out and recording 
tlic ubservutiuns :— 


Weight of wax in air = 3-235 gtn. 

Weight of brass sinker in water = 0-925 gin. 

Ify addition wo obtain — 

Weiglit of wax in air and sinker in water = 10-160 gtn. 

Weiglit of wax in water and sinker in water = 6-310 gni. 

Upthrust on wax in water = 10-160-6-310 gin. 

= 3-S50 gm. 

Weight of an ecjual volume of water = 3-850 gtn. 

Wt. of wax in air 3-235 

S.G. of wt. of oquar^i: of water’ 3-850’ 

= 0-846. 


Tlie Principle of Arcliiinedos inaj' be applied conveniently in other 
experimental tletermination.s; some typical applications will now 
be given. 

Kxpt. 20. Determination of Volume by the Hydrostatic Balance.— 
Suspend the body by means of a fine wire or tliread from one arm of the 
balance and find its weight in air. Let this bo W. 

7'hen find the weiglit of the body when it is completely immersed in 
water. Let this weight be Wj. 

The difference between \\ and W, is due to tlie uptlirust of the fluiil 
on the body. By the Principle of Archimedes this is equal to the weight 
of the fluid displaced by the body, tliat is, if \V and are in grams weiglit, 

W - w, = VD, 
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ulic n- V .li ni.U-s tlu- vohiinr *»f Oif' ho'l.V and D Ihc density (mass per unit 

' '*''ln'nH'V.(*;.S. sv.stem of units tlie mass of 1 r.c. of water is very nearly 
1 enitn, so that D is unitv. In tiiis way the volume is <leterinined m cubic 
ft-ni iinotres. If any otlieV liciui<l of known density were u.sed, the volume of 
tin- uumeised solid’could be obtained equally simply since 


V = 


^\' - ^V, 


Tt 


Exi*t. 21. Determination of the Thickness of a Plate.—If the body is 
a fiat plate of area A and mean thicknes.s /. we have V=A/, and there¬ 
fore I = V/A. 

Weich a plato in air and in water and thus find V. Measure the length 
and breadth of the plate, as.suming it to be rectangular, and determine A. 

Calculate the mean tliickness of the plate, and confirm the result by 
measurements with the micrometer screw. As tlie thickness may not 
bo uniform, measurements should be made at several different points 
and the mean found. 


Exit. 22. Determination of the Diameter of a Wire, 
diameter is <1, the area of cross section is 7rtf*/4. 

If the length of the wire is I, the volume is 


—If the mean 


\r i 

V=-4 


(i» = 


4Y 

w 



Weigh a known length I of wire in air and in water, and thus de¬ 
termine its volume V. 

Calculate the mean diameter of the wire, and confirm the result by 
measurements with the micrometer screw. 


Exit. 23. Determination of the Length of a tangled Piece of Wire.— 
Weigh the wire in air and in water. Calculate its volume from the result; 
mea.sure the diameter of the wire with a micrometer screw, and hence 
calculate its length 1. 


§ 4. Hydrometers 

The Common Hydrometer is an instrument for determining the 
specific gravity of a liquid by a flotation method. It consists of a 
weighted bulb provided with a vertical st-em. When placed in a liquid 
of suitable density, the hydrometer floats with part of the stem above 
the surface, the condition of equilibrium being that the weight of the 
instrument should equal the weight of liquid displaced. The stem is 
graduated so as to indicate the specific gravity of the liquid. 

This is a simple method of determining rapidly the specific gravity 
of a liquid, when only approximate results are required. Owing to 
tlic effects of surface tension, many precautions must be taken if 
accurate results are required. 
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NICHOLSON S HYDROMETER 


Nicholson's Hydrometer consists of a cylindrical float, jncferahly 
with conical en<ls ^o). Above tins rises a stiff brass stein cari'ving 

a small scale-jian (A), \\hile inulerneath the float is fixed a small 
basket (15). Tlic basket is usually loaded with lead so that tlie instru* 
ment floats vertically, with part of the njiper cone piojecting out of 
the water. A perforated cap is sometimes fitted so tliat the basket 
can be covered over at will. 

Expt. 24. Determination of the Specific Gravity of a Solid by using 
Nicholson’s Hydrometer.'—In usin" the instnimcnt it is ffoated in water, 
and weiglits are placcil on the .sculo-pan A, the weights being a<.lju.stcil 
until the livdrniocter is ini- 
inersed ns far us the mark filed 
on the upper brass stein. It is 
mlvisablu to place a slottetl sheet 
of metal across tiie top of tho 
jar or cylinder containing the 
water, tho stem supporting tho 
scale-pan being in tlio slot, which 
should bo wide enough for t)jo 
stem to move cjuite freely up 
and down. Tlii.s sheet of metal 
prevents tho liyiironictcr from 
.sinking into the water if too 
heavily loaded, thereby a\'oifling 
welting the scale-pan and tho 
weights (see Care of Weights, 
p.l4). It also pie\ ents tlie h\'dro- 
inctcr from coining into contact 

w itli the sides of tlio jar. Tlie weiglit required to sink the hydrometer to 
tlie mark liaving been determined (say W„ gins.), the solid of which tho 
.specific gravity is required is placed on tho scale-pan and tho weight now 
requircti to sink the liydromcter to the mark is determined. Lot this bo 
W, ; then tho weight of the body in air is - W,. 

The body is now placed in the basket B, anti the hydrometer is svink 
again to the mark by placing weights Wj in the pan A. 

I’he difference between the last two cases is duo simply to tho body 
being in air in tho one determination, and in water in the other; that is, 
the tUffcrence is due to the upthrust of the water on the body. Hence 

Wg - \V| = th<! upthrust, 

- weight of water having a volume 
eijual to that of the wax. 

weight in air 





Fig. 25.—Xicluilsoii's Hvilrometoj 


And 


S.O. = 


weight of this equal volume of water, 

W, - W, 

- w, - w.* 

Determine the specific gravitj' of each of two bodies, one more dense, 
the other le.ss dense than water. In tlie second case it will be necessary 

» If ific Lydrometcr provided m dry. find iU weight W in this etote. This weight is requireU 
in Expt 25. 
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to fit* lii(‘ ttody into tlu; bnsUot if no cover is used, otherwise it will float 
to tlie too of the li(|nul. 

h is iinpnrtdut to sec lh<H no air hiihh/es are enlani/U'd tcilh the hiffiro- 
v<< U r in all (hcsc crprrimenfs. 

riie determinations of .specilic pmvity made w ith thi.s form of ajiparatus 
Hie not. nearlv so accurate as tliose obtained by tfie methods already 
dcseiibcd, coiisiderable errors being introduced by forces due to surface 
tension acting round the stem where it leaves the liquid ; to mmimiso this 
action the stem should be a.s thin as possible. 


Kxit. 25. Determination of the Specific Gravity of a Liquid hy using 
Nicholson’s Hydrometer.—Weigh the hydrometer dry, and let its weight 

Float the hydrometer in water, and determine what weight must bo 
adiled to sink it to the mark : let this bo W^. 

Thorouglily wipe the hydrometer, then float it m the liquid tlio 
specific gtu\ ity of which is required, and find the weight needed to sink 

it to tlie mark : let tliis be Wp , , , 

Then W + ^\’o weight of water displaced when the hydrometer 

is sunk to the mark, and W+Wj is the weight of the corresponding 
volume of liipiid. 


Thus 


Specific 


... W + W, 
gravity of liquid = 


§ 5. Determination of Specific Gravities of Liquids by 
Columns exerting Equal Pressures 


The pressure exerted by a column of liquid is independent of the 
shape of the containing vessel, if any effect due to surface tension be 
neglected • the pressure then depends solely on the vertical height of 
tlie column and its density. 

The pressure in dynes per sq. cm., exerted by a column of liquid 
of height h cm. and density D gm. per c.c., is equal to /iD^, (j being the 
acceleration due to gravity. 

Thus, if two columns of different liquids exert equal pressures, the 
relation between their heights and densities can be expressed as 
AjDj when and are the heights, and Dj and D2 the corre¬ 

sponding densities of the two columns of liquid respectively. Hence 
D1/D2 =^2/^1- W the second liquid be water, the ratio of the densities 
is the specific gravity ; for D2 is then the density of water. Thus, 
the specific gravity of the liquid *^2/^1 where Aj is the height of a 
liquid column which exerts the same pressure as a column of water 
^2 cm. high. This property may be used for the determination of the 
specific gravity of a liquid in the following manner. 


Expt. 26. Determination of the Specific Gravity of a Liquid by the 
U-tube Method.—If two liquids do not mix, their specific gravities may 
be compared by balancing two columns, one of each liquid, in the sides 
of a U-tube, the heights of the columns being measured vertically from 
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Turpentine 


tlio lev (4 of tlio siiii'aco of oontart (to tlie snrfac(\s A aiul B (Kip. 

2 f»). It till' liiiuids til 1 m* coin|iar<'cI wotiKl mix tiijii'tI r-i-, tlii-y iinisl be 
sopafalfil 1 )\ sfiiiio otliiT li«|iu<l uitli wliich 
nuitluT inixfs. suc*li as oil or nii-rcurv, |>la<-i*rl in 
the bi'iul of till* U. Ill this cast* tlio (juantiti of 
the lic|ni(I iisi-il in eacli tiilje must be ailjiisteil 
until the level of tlie int»*rvenin^ lifiiiiti is tlie 
same in each of tlie sicU* tubes. 

The heights of the columns are measured 
fi'om the top of the intei\-ening liquid to the 
free surfaces. The latio of the specific gravities 
of the litjuids is the invei'se ratio of the heights 
of tlie coluiniLS. 

Tlie U-tube method ju.st described has several 
disadvantages. The adjustment of the two sur¬ 
faces of the inter\’ening licjuid to the same level Kio. 2 fi 

demands the use of a ' spirit level ’ if any accuracy 

is to bo obtained, and ns this has to be use<l out.siV/r the tube, the accuracy 
even then is not very great. If the inter\-ening litpiid is mercury, a slight 
error in this ndju.stment leads to consi<lerai>!e crroi's in the results ob¬ 
tained, on account of the high density of increnry. In addition to this 
diiliculty, there is also an actual eiTor due to capillarity, the surface tension 
of the intervening liquiil being ditTerent on the two sides, because its sur¬ 
faces are in contact with ditforent liquids. 

I'liese objections are, however, got over completely in a .simple form 
of apparatus known as Hare's Apparatus. 

Exi»t. 27. Determination of the Specific Gravity of a Liquid by means 
of Hare’s Apparatus.— In this apparatus the U-tube is inverted, the ojien 
ends of the U tlipping, one into water, the other into the liquiil whose specific 
gra\ity is to be found. In the bend of the U is fitted a branch tube, 

and by means of this a little air is with¬ 
drawn from the bend of the U so that a 
column of each lifjui<l rises up the corre¬ 
sponding side of the tube. These columns 
communicate witli the same air space at 
their top surfaces, while the free surfaces 
of the liquids outsitle the tubes are both 
open to the atmosphere. Hence the 
column in each tube adjusts its heiglit 
until the column above the level of (he out¬ 
side liquid exerts a pressure equal to the 
difference between the external and in¬ 
ternal pressures. 

Measure the heights of the two col¬ 
umns abo\e the corresponding external 
surfaces of the liejuids, for several different 
adjustments of the internal pressure. 

Show that the ratio of the heights is 
the .same in each case. 

Tabulate the observations so as to 
show in parallel columns of the table, the 
corresponding heights of the liquids in 
the tables, and the ratios of these heights, 
using the height of the water column as numerator in each case. The 
siiecific gravity of the licpiid used is tho mean value of tliis ratio, since 
the tlensities of the liquids are inversely proportional to the heights. 


IVnfc 
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Fiti. 27.—Uare*:5 Apparatus* 
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In n juurnw fnl)n tlin hriglit nf tho lir|iii<l cdhimn is approciubly 
„{hviv<\ h\ <a|)ilhiritN. f’onsf<inrjitly U\o internal <liamoter t)f the 
U tnl.eshoiiUI not lie less tlian 010111 . The ei roi-s introduced by capillarity 
ina\ . Iiowever. be eliininnted by treatinc the observations in the following 
maimer. It A, and h,. A', and me corrc*sponding pairs of readings 
for two dilYerent internul pre.ssures, tiie specific giavity is ecpial to 
(A . •• h\)l(hj - A'l). since the capillary elevation or depression is con.stant in 
. n’eh limb provideil the tubes are of uniform bore {p. 150). The same 
result can he obtained by plotting A, against A, and obtaining the i-e- 
iiuired fraction from the gradient of the graph. 


NOTES ON UNITS OF VOLUME 

In the C.O.S. sy.stem the unit of volume is the cubic centirnctro (1 c.c. 
or 1 cm.*). The practical unit now generally used is the millilitre. The 
litre was originally interuled to be 1 cubic decimetre or 1000 c.c. It is 
now dotined as the volume of 1 kilogram of pure water at 4° C. and 760 mm. 
of pressure. The fiieseiit accept<-<l experimental relation is 

1 litre= 1000-028 c.c. 

or 1 c.c. = 0-099972 inillilitre. 

In the previous chapter 1 c.c. and 1 ml. have been treated as practically 
ecjual. 


CHAPTER V 


STATICS 


§ 1. Composition of Vectors 

Physical quantities can be divitled into two groups, Scalars and 
Vectors. 

A Vector quantity differs from a Scalar quantity in that it possesses 
direction as well as magnitude ; a Scalar quantity has magnitude only. 
A vector quantity can be represented by a straight line of a definite 
length drawn in a definite direction. Two scalar quantities of the 
same kind are added together by simple addition. Two vector quanti¬ 
ties of tlie same kind cannot, in general, be added in this way, but 
must be ‘ compounded ’ by means of the Parallelogram Law. By the 
Resultant of two vectors we understand the single vector which would 
produce the same effect as the two vectors considered. 

The Principle of the Parallelogram of Vectors may be stated as 
follows :— 

If two vectors be represented in magnitude and direction by the two 
adjacent sides of a parallelogram, the Resultant of those two vectors is 
represented in magnitude and direction by the diagonal of the parallelo¬ 
gram drawn through the point where those sides meet. *lhis principle 
applies to all vectors, such as displacement, velocity, acceleration, 
force, etc. In the following discussion, the word force will generally be 
used, but it should be understood that wherever force is printed, the 
word vector could be read, or any particular type of vector, such as 
displacement or velocity. 

In the case of forces, any unbalanced force acting on a body will 
cause it to move. Hence we have a simple method of detecting whether 
the forces acting on a body balance each other or not: if the body is 
at rest, the forces acting on the body constitute a balanced system. 
We may state the following proposition : When a body is under the 
action of two forces which are equal and opposite, the body is in equili¬ 
brium. 

Suppose three forces are acting on a small body at 0 and the body 

is at rest under their united action (Fig. 28 ). 

Represent the three forces by lines drawn from 0 , dra™g the 
lines along the directions of the forces, and of lengths proportional to 
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rc^pvvXivc inagnitiules : let A, B, ami C be these lines. By the 
ala.ve proposition, tl.e bc»ly O wonhl be at rest if we removed A and 
li and replaced tliein by a single force D (shown dotted m Fig. 28) 

whieli is etpial and opposite to C, or the action 
of A and B together is equivalent to that of a 
single force D equal and opposite to C. This 
imaginary force D is the Resultant of A and 
B ; U, the force which keeps O at rest when 
A and B are acting also, is called the Equilibrant 
of A and B. 

It is evident that the equilibrant and the 
resultant are equal and opposite forces. 

Method of proving the Principle of the Paral¬ 
lelogram of Forces.—The principle of the parallelo- 
giftin of forces states that if a parallelogram be 
constructed with the lines representing forces A 
and B as mljaccnt sides, the resultant of those 
two forces will be represented in magnitude and 
tlirection by the diagonal of that parallelogram 
drawn from O. 

If this diagonal represents the resultant of A 
and 13. it must be etpml and opposite to the lino 
representing C since the forces D and C are equal and opposite. If, there¬ 
fore the diagonal of this parallelogram is found to be equal and opposite 
to tiio line representing C. the principle of the parallelogram of forces is 
demonstrated. 

Method of proving the Principle of the Triangle of Forces.—The con¬ 
struction of tlie complete parallelogram is not necessary to determine the 
magnitude of the resultant D. If we draw ob representing B in magnitude 
and direction, and from b draw be parallel to A and of length proportional 
to A, wc have now drawn one-half the parallelogram. Joining o and c 
gives us the diagonal representing D without further construction ; thus 
by means of a triangle the required resultant can be obtained. 

The principle of the triangle of forces is more usually expressed in the 
following way : If three forces having magnitudes proportional to the lengths of, and 
directions parallel to, the sides of a triangle, 
act on a body, the body will be at rest c 
under their action, provided that the arrows 
indicating their directions are in cyclic 
order round the triangle. 

Consider the triangle o6c; the 
arrow indicating the direction of ac- d 
tion of the force A in the side 6c is in 
the same cyclic order as that indicat¬ 
ing tlie direction of action of B. The 
resultant is represented by the line 
completing the triangle with its arrow 
opposite to this cyclic order. 

Now the same line oc which re¬ 
presents the resultant of A and B will represent the force C if the arrow is 
pointed towards o. Under the action of these three forces A, B and C the 
body is at rest. 

Tliir jjrinciplo is proved by the experimental verification of the Principle 
of the Parallelogram of Forces. 




Fio. 29.—Trlttoele of Forces 
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Tlie principle jjist cliscnssed can readily he extended to the case 
of any nvimher of forces acting on a small body. This general principle, 
known as the Principle of the Polygon of Vectors, is stated as follows : 
If a number of forces A, B, C, D, E acting on a body keep the body at 
rest, the lines representing them in magnitude and direction, drawn end 
to end, with the arrows indicating the direction of the forces following 
each other in cylic order, will form a closed polygon. 

This can he shown from the principle of the triangle of forces in tlio 
following way. Draw the triangle oab representing the forces A, 15, and 



their resultant. Con.struct on the line ob a triangle obc such that be repre¬ 
sents the force C. The line oc is the resultant of ob and C ; hence oc is 
the resultant of the three forces A, B, and C. 

The lino ob is evidently unnecessary ; for by drawing oa, ab, and be 
as directed, oc is found, being the line closing the quadrilateral figure thus 
obtained. 

The fourth force D can be added to A, B, and C by adding another lino 
to the polygon, starting from c ; and similarly any number of forces cun 
be compounded by this polygon method. Thus to obtain the resultant of 
auv number of forces acting together at a point, a figure is constructed by 
drawing lines representing the forces, end to end, with the arrows indicating 
the direction of the forces following each other in cyclic order. 


The line closing the figure with its arrow opposite to the cyclic order 
represents the resultant of all these forces. 

The same line, with the arrow following the cyclic order, represents 

the equilibrant of all these forces. 

This is an alternative statement of the principle of the Polygon 
of Forces. 

If the figure is already closed, the resultant force is zero, and tlie 
body is in equilibrium under the action of the forces given. 

The order in which the forces are taken is entirely immaterial. 


APPARATUS FOR EXPERIMENTS ON FORCES 

To verify these various principles relating to forces, a convenient 
apparatus can be constructed in the following way :— 
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Round tho eclpps of ft Idftckboard arrange a number of 
pullevH. over which light strong cords (fishing-lme) are passed (Fig. 32). 
Tliese sliouM hftve loops at one end, and, if possible, watch-chain clips at 
tlie other. The board is mouiiteil vertically on the wall or on a rigid stand, 



or if the pulleys are arranged with their planes perpendicular to the board, 
the board can lie horizontally on a table, the ends of the strings hanging 
well clear of the edges. 

Sometimes the pulleys, instead of being fixed to the edges of the board, 
are attached to capstan blocks mounted on tripod stands. 

A light ring is used a.s the small body, being clipped to the cords by 
the watch-clips. 

When any forces whatever are applied through the cords, the ring will 
move into a position of equilibrium, and the directions of the various strings 
can be marked on the blackboard with finely pointed chalk, or on a sheet 
of drawing-paper fixed to the board with a pencil. These lines give the 
directions of the forces acting, and by measuring lengths along them pro- 

f iortional to the weights hanging from the other ends of the cords, we obtain 
ines representing ihe forces in both direction and magnitude. 

From these force lines the various propositions already stated can be 
proved experimentally by using two, three, and larger numbers of forces. 

It may be noted that, on account of friction, the position of the ring 
when in equilibrium under a given set of forces may vary over a small 
area. To obtain the true position, the position taken up .should be marked, 
the ring disturbed, and the new position of re^it observed. The middle of 
the area covered by the positions taken up after several disturbances may 
be taken as the true position of equilibrium. 

Also, if the pulleys are mounted with their planes perpendicular to the 
board, they must be free to swivel about a vertical axis so as to follow 
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the various directions of the cord passing over them. Tliis introdiiees 
friction in addition to the friction »luo to turning aljout the axle, and liciicc 
the \’ertically mounted board is preferal)ie. 

Expt. 28. Determination of the Conditions of Equilibrium under the 
Action of Two Forces.—Attach two cords to the ring, and hang on to 
tlie corrls various weights. Note that the two cords always draw out 
into one straight line, and that the ring only comes to rest if the weights 
hanging from the two cords are equal. 

E.kpt. 20. Verification of the Principle of the Parallelogram of Forces 
and the Principle of the Triangle of Forces.—Fasten to the ring tlireo 
cords witli weights attachetl. Draw lines rej^resenting the forces acting 
on the ring when in the po.sition of equilibrium as already ilcscrihcd. 

Construct a jjarallelograrn witli any two of the force liTi<‘s as adjafMait 
sides and sliow that its diagonal is equal in length to the third line, ami 
that the diagonal anti this third line are in continuation of one another. 

Draw a triangle at the side of the board with two sides parallel to 
two of the forces, their lengths being proportional to these forces re¬ 
spectively, and tlie arrows indicating tlieir directions following each 
other in cyclic order. Complete the triangle and show that the third 
side is parallel to tlie third force, and represents the magnitude of the 
third force on the same .scale ns the other two forces are represented by 
the other lines. 

Expt. .30. Determination of the Weight of a Body by Means of the 
Parallelogram of Forces.—Using two known weight.s nn<l one unknown, 
proceed ns in Experiment 29, coiLstructing the parallelogram with tlie 
iine.s representing the known forces as adjacent side.s. From the length 
of the diagonal, determine the weight of the unknown hotly. \’erify 
this with an ordinary balance. 

Expt. 31. Verification of the Principle of the Polygon of Forces.—Uso 
four or five weights an<l proceed as in Experiment 29, but construct at 
the side of the board a figure consisting of lines parallel and proportional 
to the forces, the arrows indicating the directions of the forces following 
each other in cyclic order. W'hen all the forces but one have been repre¬ 
sented, close the polygon arul show that the closing line represents the 
remaining force in both magnitude and direction, provided the arrow 
follows the same cyclic order as the others. Do this for the same .set of 
forces two or three times, taking the forces in different orders in each 
case so as to got polygons of different shapes. Show that the length of 
the closing line aiid its direction is entirely independent of the orcler in 
which the other lines are taken, and that in every ca.se it represents the 
remaining force. 


§ 2. Resolution of Vectors 

We liave seen how two vectors acting on one body can be com¬ 
pounded into one equivalent vector. It is necessary now to consider 
the resolution of one vector into two other vectors which together shall 
be equivalent to the original vector. 

If B and C represent two such vectors it is evident from tlie previous 
results that they arc equivalent to A, if A is represented by tlie diagonal 
of the parallelogram constructed on B and C (Fig. 33 ). 

If B were lyerpendicular to C\ B would have no effect whatever 
along tlie line of action of C, nor would C have any effect along the 
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direction of B, hence we could say that C repremnt.<i the total effect of 
A along the tlirection of <\ while B represents the total effect of A along 
the direction of li. 

B and C would in such a ease be called the Resolved Parts of A 



along their respective directions, or B and C are the Components of A 
along these directions (Fig. 34 ). 

Now B = A cos <l>, and C = A cos 

therefore we may say that the Resolved part of any force acting along 
a given direction, is equal to the magnitude of the force multiplied by 
the cosine of the angle between the direction of the force and the given 
direction. 

Direct verification of this principle is given in the experiment called 
the Static Inclined Plane described on p. 57 (Fig. 30). In this a mass of 

weight W is maintained at rest, on a plane iti- 
clined to the horizontal at an angle 0 by a force 
P acting along the plane. 

Evidently the effect of the weight \V along 
the plane is only equal to P, since P keeps the 
mass from moving down the plane under the 
action of its weight W. That is, P is equal to 
the resolved part of the weight acting parallel 
to the plane. 

But P is shown to be equal to W sin 0, 
therefore the resolved part of the weight W 
acting parallel to or along the plane must bo 
equal to W sin 0. 

Now the angle between the plane and ver¬ 
tical is an angle ^ (Fig. 35), such that 90° - 0, and cos <f> — su\ 0. 

W sin 0 = cos 

Thus the resolved part of W acting along the plane at an angle ^ 
to the direction of the weight W, is equal to W cos <f>. 



Flo. 35.— iDclincd Plane 


STATIC INCLINED PLANE 

If a load W is resting on an inclined plane, it may be maintained 
in equilibrium on the plane, or pulled without acceleration up the 
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plane, by a force P acting parallel to the surface of the plane. The 
force P is much smaller than tlie weight of the body W, the value of 
P diminishing as the inclination of the plane diminishes. 

Consider the forces acting on a body of weight W, which is just 
maintained in equilibrium on a plane inclined to the horizontal, at an 
angle 6, bv a force P acting along the plane. We have first its weight 
W acting vertically downwards, secondly the force P acting along the 
plane, and in addition to these there is a force exerted by the plane 
called the reaction R of the plane. This force acts perpendicular to 
the surface of the plane, if the plane be smooth (Fig. 30). 



Fio. 30.—Static Inclined Plano 


These three forces together keep the body at rest; their directions 
arc all known, and hence if the magnitude of one of them is known, 
the other two can be determined by applying the principle of the 
triangle of forces. 

Let the line AB denote the weight W. Draw AC perpendicular to 
the plane, and parallel to the reaction R, and BC parallel to the plane, 
and parallel to P. 

They intersect at C ; hence AC and BC represent R and P re¬ 
spectively. 

The angle CAB is equal to the angle 6 ; since AC is perpendicular 
to the plane and AB is perpendicular to the base. Thus 


BC 

AB 


= sin 6. 


But BC and AB represent P and W, 


therefore 


P 

w 


= 8in 6, 


or 


P = Wsine 
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A sonu'wlmt simpler proof is obtained if we consider the energy 
gained by the weight when pulled up the plane, and the work done 
by P in pulling it up the plane. 


WORK AND ENERGY 

The work done by a force is measured by the product of the 
inagnitiule of the force and the effective displacement, or the distance 
moved by the point of application in the direction of the force. Suppose 
the force P pulls the body through a distance I, measured along the 
inclined plane, and in so doing raises it through a vertical distance A, 
which we may call the height of the plane. 

The height of the top of the plane above the bottom is h, hence 
the weight gains an amount of potential energy = when raised 
to the top. 

The force P acts through a distance I in its own direction when 
pulling the weight up the plane, if I is the length of the plane, hence 
the work done by the force is Pf. 

By the principle of the conservation of energy 

energy gained=work done, 

.so that W/i=Pf, 

or P=™=W sin e. 

The apparatus \jsed in this experiment consists of a plane board hinged 
at its lower end, anti .snpplicfl with some means of atljusting its inclination 
to several different values. At the upper edge Ls usually fixed a pulley, 
over which a cord passes. To the end on the plane the load W is attached, 
while from the Imnping end weights can be suspended to exert the force P 
on the cortl. In or<lcr to eliminate friction between the load W and the 
plane, W is usually a small roller, supported on an axle carried by a suitable 
franipwork. to which framework the cord is attached. In some forms of 
apparatus the pulley and hanging weight are replaced by a spring balance 
which automatically atljusts it.self to exert the required force P at any 
inclination, and P can be read off directly. 

The angle 0 can be iuea.sured by means of a protractor placed with its 
edge along tlie horizontal base and its centre at the centre of the hinge, 
but it is better to have a graduated quadrant fitted near the top of the 
plane, with a plumb-line hanging from its centre. If the zero line of the 
quadrant stand.s out at right angles to the plane, the angle $ is read off as 
the angle between the plumb-line and this zero line. This method is pre¬ 
ferable to the first, as it is necessary to level the base by means of a spirit- 
level if the first method is used, and other errors easily creep in when 
measuring the angle $. 

Expt. 32. Static Inclined Plane.—Apply different forces P over the 
pulley, using different inclinations of the plane. Adjust P in each case 
until the roller nun'cs equally freely up or down the plane when given a 
slight push. This effectively gets rid of the effect of any friction at the 
pulley and enables very accurate readings to be taken. Note corre- 
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spoixlitig values <tf P and 0, takinp five or six <liRerent inclinations. 
Tabulate your observations thus :— 


p 

. i 

1 

^ 1 Jae 

1 

1 



• 


Mean 
I»__ 
sin 0 


Since the same roller is xised. \V i.s constant. But P = W sin 0, therefore 
the values of P/sin 6, the quotients tabulated in the last column, should 
bo constant and equal to The mean value of P/sin 6 should be equal to 
the weight of the roller quite accurately ; verify this by actually weighing 
the roller. 

If the <iua<lrant for measuring 0 is not fitted to the apparatus employed, 
measure h and I directly, taking the same point on the plane each time 
and measuring its height above the base and its distance along the plane 
from tlie centre of the hinge. The table of observations would then be 

arranged under the headings P, /i, /, P/^- 

FiiKl the mean value of Pl/li. This should be equal to W measured 
directlv. 

If the weights exerting the force P are p\»t in a scale-pan suspended 
from the cord, the weight of the scale-pan must be included in the force P. 


§3. General Conditions for the Equilibrium of any Body 

UNDER ANY FORCES 

MOMENT OF A FORCE 

The turning effect of a force about any axis is called the moment of 
the force about the given axis, and is defined as the product of the force 
and the perpendicular distance from the axis to the line of action of 
the force. 

The direction of rotation, ‘ clockwise ’ or ‘ anti-clockwise is 
termed the sense of the moment: it is immaterial which sense is 
chosen as positive, provided the convention made is retained through¬ 
out. 

If a body is acted upon by any system of forces, the body will 
remain at rest only if the two conditions given below are satisfied. 

1. The Resultant Force in any direction must be zero. 

2. The Resultant Moment of all the forces about any axis must 

be zero. 

Condition 1 is included implicitly in condition 2, but it is so im¬ 
portant that an explicit statement is of value. 
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PRINCIPLE OF THE LEVER 

TIm' first of the ahovo conditions has been proved cxperimentaliy 
in conshiering the composition of forces ; it is purposed now to demon¬ 
strate tlio truth of tlie second statement by experiment. The simplest 
way to do tiiis \a by pivotitig the body on which the forces are to act 
al>ont a suitable axis called the fulcrum. Then the forces required to 
])re\ cut the body from moving as a whole are introduced at the fulcrum, 
an<l condition 1 is satisfied without further trouble : a .body pivoted 
in this way is called a lever. 

Since wc cannot determine easily the force brought into action 
at the fulcrum, we can only find its moment about the fulcrum itself. 
The moment of any force about its point of application is zero, hence 
the forces brought into action at the fulcrum have no moment about 
the fulcrum itself. Thus in considering the equilibrium of the lever, 
we can leave out of consideration the forces brought into action at the 
fulcrum, so long as wc consider the moments about the fulcrum alone. 

The condition of equilibrium of a lever may therefore be stated 
thus : A lever will be in equilibrium, if the moments of all the applied 
forces about the fulcrum have a zero resultant. 

LEVERS 

A convenient apparatus for demonstrating the principle of the lever, 
and therefore verifying the law of moments, may be constructed in the 
following way. A rigid framework of wood carries at a point near the 



FlO. 37.—BxpcrimonU on Levers 

middle of one of the uprights, a round rod of brass projecting horizontally. 
On this rod is placed a metre scale with holes drilled about every 2 cm. 
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aioiig its longtli. tljo rod passing through the liolo at tl»o middle of the scale. 
By this means tlie centre td gravity of th«' rod is at tli(* })oin( of svipport, 
and the etTect of the weiglit of the rod is eliminated (.vcc (.‘eutres of (Iravily, 
p. 03). 

Pulleys are mounted on the top bar of the framtiwork, witli coicls 
pa.s.sirig over them. The cords can be attachefl to the metre scale at an_\’ 
point by means of bra.ss hooks tied to the ends. The other eiuls of the 
cords carry scale-pans, so that \'arious forces can be applied to the lever 
by weights |)laced in the scale-paiis. Other scale-jmns can be hung froin 
tlie holes in the metre scale direct!>-, so that the forces can be applit*d 
\’ertically upwards or downwards, or inclined at different artgles to the 
horizontal. 

Since friction of the pulleys and at the fulcrum cannot bo eliminated, 
the ai)[)nratus should be given a slight initial velocity when approximately 




adjusted, the weights being adjusted finally until the lever turn.s equally 
freely in either direction. If one of the forces acts obliquely, this slight 
motion given to the lever should not deflect it to any great extent from the 
horizontal position, otherwise the angle at which the force acts will ho 
altered, and its moment about the fulcrum will thereby be changed. 

When the lever turns equally freely in either direction, the moments 
of the various forces about the fulcrum must be calculated, and their senses 
noted. This is done by multiplying each force by the perpeii<licular 
distance from the fulcrum to the line of action of the force, positive or 
negative signs being prefixed according as the sense of the moment is 
clockwise or anti-clockwise. The moments of all the forces mu.st then bo 
added together algebraically ; the sum of the moments in each case should 
be zero. 

Note. _The weights of the scale-pans must be included in each of the 

forces considered. 

Expt. 33. Levers.—Perform the experiment for each of the following 
cases, applying forces as indicated in Fig. 38 :— 

Case I, frequently referred to as a lever of the first order. 

The force F causes clockwise rotation, and its moment Fd about the 
fulcrum is positive. 
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'l lir fon-<> I-*' rnnsrs imti-clorkwiso rotatioa ; 

fiilcniiii is tIuTcforo negatin'. 

Sliow (aijiebrnically) Vd + Y'd' b. 


its moment T'd' about the 


Examplk. 


F = 350 jijm. weight d = 48 cm. 

Fci = +16800. 

F'= 750 gtn. weight d'= 22 cm. 

F'<i'= - 16500. 

Vd +F'd'= 16800- 16500= 300, 

Error 2 %. 


Case II, frequently referrotl to as a lever of the second order. 

F causes anti-clockwise rotation, and its moment I'd about the fulcrum 
is negative. 

F' causc.s clockwise rotation, and its moment F'd' about the fulcrtim is 
positive. 

Show as before Fd + F'd' = 0. 


Case III, generally known as a lever of the third order. 

Fd is again negative, and F'd' positive. 

Show Fd + F'd' = 0. 


The general principle is applicable to any number of forces, acting 
at any angle to the lever, as is shown in the two following cases. Any 
other sets of forces can be substituted for these, and the total moment 
about the fulcrum will in all cases be found to be zero. 

Case rV. 

Fd is positive. 

F'd' is negative. 

F''d' is negative. 

Show algebraically Fd+F'd'-fF'd'= 0. 

Case V. 

Fd is positive. 

F'd' and F'd' are both negative. 

Show Fd + F'd' + F'd' = 0 as before. 

Enter all results for each of the five cases as indicated in Case I, stating 
any observed error as a percentage of the total moment in one direction. 
It is atlvisable to use fairly largo weights—200 to 300 gm. at the ends of the 
scale and up to I kgrn. nearer the middle. By this means the effect of 
the friction at the fulcrum is made a comparatively small proportion of 
the actual turning moments applied, and greater accuracy is obtained. 

Expt. 34. Weighing a Metre Scale by Application of the Principle of 
the Lever.—Support the metre scale at a point about 10 cm. from one 
end. Hang a scale-pan from the end hole m the short side of the scale, 
and adjust weights in the scale-pan until the scale is just balanced. The 
weight of the scale acts downwards at its Centre of Grav'ity, assumed to 
be at the middle of the scale. Let the weight of the metre scale be W 
gm. and the weight in the scale-pan (including the scale-pan itself) w gm. 
The distance of the fulcrum from the centre of the scale being D, and from 
the scale-pan d, we have 


WD = wd. 



ClI. V 


STATICS 


Mojisuio J) aiul <i aii<l <>l)srr\'«‘ «■. ( alciilat*' \\’. tlto weight the 

metre scale. 

J^epeat this for two or three positions ol the ftileinm and cliec-k the 
result b\’ weighing tl>e metre scale on a halance. 

§4. Centre of Gr.wity or ('entre of Inkrti.v 

Wlion two parallel forces atd upon a rigid body they can, in general, 
be replaced by a single restiltant force. 'I'lnis the two forces P and Q 
acting at the points A and B are ecpii- 
valent to a single force R = P + Q. 

Tlte line of action of this force 
cuts AB in a point 0 such that 

P X AC = Q X CB. 

The direction of the forces does not 
affect the position of the point C. It 
is called the centre of the parallel 
forces. 

Similarly, when any number of parallel forces act upon a rigid 
body, their resultant passes through a certain point wiiose position 
does not depend on the direction of the forces. The position of this 
point — the centre of the parallel forces — is fixed when the magni¬ 
tudes and points of application of the forces are known. 

All bodies are attracted towards the centre of the earth by the force 
of gravity. We may suppose a rigid body made up of particles each 
one of which is attracted by the earth. We thus obtain a system of 
approximatehj parallel forces acting on the bod 3 ^ The centre of these 
parallel forces is called the Centre of Gravity of the body. 

Accordingly the Centre of Gravity of a body may be defined as that 
point, fixed with relation to the body, through which the resultant of 
the earth’s attraction on all the particles passes, whatever be the position 
of the body. 

Centre of Inertia or Centre of Mass is a more general term, not 
depending on gravity. If a particle of mass nii is placed at A and a 
particle of mass at B, the Centre of Inertia of the two particles is 
defined as a point C in the line joining them such that AC= 7«2 BC. 
If a third particle of mass is placed at any other point in space, 
the centre of inertia of the three particles is found by supposing a single 
particle of mass m^+mz placed at C and then determining as before the 
centre of inertia of this imaginary particle and mg. This process may 

be continued for any number of particles. 

When a heavy body is supported at a single point, the only forces 
acting on the body are its weight and the reaction at the point of 
support. If the body remain at rest, these two forces must be in 
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(‘(|nililniimi, aii<l consequently must liave the same lino of action, 
ilerne the point of suj)port must be in the same vertical line as the 
Centre of Cravitv. 



Kxrr. :Ja. Experimental Determination of the Centre of Gravity.—To 
tincl the Centre of Gravity of a body, suspend it by a string attached to 
iui\ point A anti murk the position of the vortical line AB (Fig. 40). Tlie 

vertical may be determined by 
means of a plumb-line. Then 
suspend the body from another 
point C and mark the vertical 
CD. The Centre of Gravity 
must be in AB, and also in CD, 
and so must be at the point of 
intersection G. Confirm this by 
suspending from a third point. 

The Centre of Gravity of a 
body depends on the distribu¬ 
tion of mass throughout the 
body, as can bo shown in the 
following manner. The body 
used for this experiment con¬ 
sists of a uniform plate of wood, 
to which may be uttaebed a load formed by a brass nut and screw P. 

Find theCeiitre of Gravity of the plate alone, and then the Centre 
of (Jravity with the loa<l fixed to the plate. Repeat the latter determina¬ 
tion for several positions of the load. 

Plot a graph showing how the position of the Centre of Gravity 
varies us the load is moved along the diagonal of the plate, taking as 



Flo. 40.—Detormlimtion of Centre of fSravity 



FlQ. 41.—Loaded Plato 


abscis.sae the distances (OP) of the load, and as ordinates the distances 
(OC) of the Centre of Gravity C, all measured from the original Centre of 
Gravity O of the unloaded plate. 

It will be noticed that the Centre of Gravity of the compound body 
moves from the position of the CJentre of Gravity of the plate of wood, 
through a distance proportional to the displacement of the brass weight 
from that point. The gradient of the graph obtained is the ratio OP/OC, 
and this ratio is equal to the ratio of the sum of the weights of the 
brass nut and the plate of wood to the weight of the load. Verify this. 
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§ o. Graphic Mkthods ok Computation 

A consi(ler{il)le number of quantities can be determined by purely 
grapliical, as distinct from numerical, metlioils. It is also ])ossible to 
investigate by such methods the conditions of equilibrium of a ])ody 
or the force required to keep it in equilibrium. Tliese are the methods 
of Graphic Statics. 

Two properties of a flat uniform body which are readily found by 
a simple graphical construction are the position of the Centre of Gravity 
or Inertia of a uniform plate, and the value of the Moment of Inertia 
of that plate about any axis. These methods not only enable the 
Moment of Inertia of the cross-section of a beam to be found, but also 
give a useful exercise on the use of the planimeter. 


GRAPHIC METHOD OF DETERMINING THE CENTRE OF 
GRAVITY OR INERTIA OF A UNIFORM PLATE 

Consider a plate of any contour; draw at one side of it a line XX' 
and another line YY' parallel to the first, tangential with the curve 
at the extreme point on the op¬ 
posite side (Fig. 42). From any 
point O on the first line draw a 
number of lines radiating in 
different directions. It is con¬ 
venient to arrange the radiating 
lines so that pairs, such as OA, 

OC, intersect the contour at 
equal distances from the original 
line XOX'. 

Through each of the points of 
intersection, A, B, C, etc., draw a 



Pjq^ 42.—Graphic Method for Centre of Gravity 


line parallel to the base line XOX'. From each point A, B, C draw a 
line perpendicular to XOX', meeting YY' in points A', B', C', etc., 

rcspoctlvdy * 

Join OA' OB', OC'. Each of these lines cuts its corresponding 
parallel in some point A„ B., C,. Draw a curve passing through all 
the points A„ B^, C., etc., and find the area of this figure and of the 

original plate. -vz-iv/ 

The Centre of Gravity of the plate is at a distance h from XOX 

such that 

Area of figureAxB^i_etc._^Perpendicular distance 

^ ” Area”of original figure ABC etc. between XX and Y\ . 
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PiuioK.—('»insi«ler a small poi ticm of the original figure enclosed between 
tlif parallels AC mid BI), iimigining these to be (juite close together. 



Fio. 43.—Proof of Grapliic SlethoU for Centre of Gravity 


The corrosponcling area of the figure AjBjCi* etc., constructed as already 
descrihed, has the same vertical dimension, but its length is reduced in 
the ratio of xjij. 

Area ABCD _y 
Area A,B,CiD| x‘ 


and so 


The moment of the mass of the original figtire ABCD nbotit the axis 
XOX' is equal to 

ABCD X X, 

ond thus is equal to AiBiC^Di x y. 

Thus, for any narrow element ABCD of the original figure, the moment 
of its mass about the axis XOX' is equal to the area of the correspomling 
element of tlie constructed figure multiplied by the distance between the 
linos XOX' and YY'. 

Now if the Centre of Gravity of the plate w'ere at a distance h from 
the axis XOX', the w’hole area of tlie plate multiplied by the height h 
would be equal to the sum of the products of the elemental areas, such as 
ABCD, multiplied by the corresponding distances (x) from the same 
line XOX'. 


Area of plate x A = S(ABCp x a:). 

value of ABCD x x = AiB^CiDj x y, 

E(ABCD X X) = 3/ X SA.B.CiDi, 

= y X Area of constructed figure. 

Area of plate x 7i = Area of constructed figure x y, 

. _ Area of constru cted figure Distance between 
Area of oiiginal plate ^ XX' and YY'. 

By taking a different base line, say perpendicular to the line XOX', and 
carrying out a similar construction, the distance h' from this second base 
hue can be found by the same process, and therefore the exact position of 
tlie Centre of (Jravity is known. 

When the plate is symmetrical about any one line, the C.G. must of 
course be in the axis of symmetry, and thus one construction only is re¬ 
quired for the determination of the position of the Centre of Gravity. 


Thus 
Now the 
Hence 

Hence 
so that 
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Expt. 3(). Graphic Determinations of the Centre of Gravity.—('on- 
struct an isosceles triangle. Take its base as the axis XOX' and show 
that the Centre of Clravitv of (lie triangle is one-third of the way up the 
triangle, using a planiincder for measuring the necessary areas. Find 
also the position of tho Centre of Cravity of a semicircle. 


GRAPHIC DETERMINATION OF THE MOMENT OF INERTIA 

OF A UNIFORM PLATE 

(For definition of Moment of Inertia, see p. 112) 

The construction for this determination is similar to that for the 
determination of the position of the Centre of Gravity of a plate (p. Go). 

When the points A,, Bi, C,, 
etc., have been found, lines from 
these points are drawn to YY', 
meeting YY' in A', B", C", etc., 
the lines A^A" being drawn per¬ 
pendicular to XOX'. 

Join OA", OB", etc. 

These lines cut tlie correspond¬ 
ing parallels in points A,, B,, C*, etc. 

Draw the contour A., B^, C., 

etc., and find the area of the P|Q ^4.—Graphic JIcUkkI for Mumciit of inertia 
figure thus obtained. 

The Moment of Inertia of the plate about the axis XOX' is ecpial 
to the area of this figure multiplied by the square of the distance between 
the lines YY' and XX'. 

Pkoof.— Consider an elemental area ABCD of the original figure 
enclosed between two parallels very close together. 



j IQ 45 _prooC of Graphic Method for Moment 

of Inertia 

The length of the element between A,Ci is equal to 

ACx^. 
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A.C, X 

•7 

AC y»- 

Tlie vertical dimension of the various parts of the element is unaltered. 
1 lerico 


so that 


Area of element of plut^ _ 




ABCD 


Area of corresponding element of constructed figure x* AjBjCjD, 

Now the Moment of Inertia I of the whole plate about XOX' is the 
sum of the products of the mass of each element by the square of its dis¬ 
tance frojn the axis XOX', that is 

I = EABCD X x'. 

Blit ABCD X x*= AjBiCjD. X 1/5, 

so Hint I = EABCD X x*= i/> X XAjBjCjD., 

or I = Area of constructed figure x y*. 


Expt. .17. Graphic Determination of the Moment of Inertia of a 
Circular Plate.—Diaw a semicircle, taking its diameter a.s the axis 
XO.X' ; find the Moment of Inertia of the semicircle about a diameter. 
Twice this will be the Moment of Inertia of a circular plate about a 


diameter. 


Show that this is equal to ^ , where a i.s the radius of the 


circle (10 cm. is a convenient raclius to take). 


Exi‘T. 38. Graphic Determination of the Moment of Inertia of a 
Rectangular Plate.—Draw a rectangle of length b and breadth d (10 cm. 
and 15 cm. are convenient lengths to take). Using a line acro.ss the 
middle as the ba.se line XOX', find the Moment of Inertia of one half of 
the rectangle about this line. Twice this is evidently the Moment of 
Inertia of the whole rectangle about an axis through the middle. Show 
that this is equal to 6d*/I2. 

Do this for the same rectangle about an axis through the middle but 
parallel to the other pair of sides. 


It will have been noted in tlje foregoing that the mass of the plate 
has not been mentioned. The contour is marked out on the paper and 
tlie construction deals merely witli the area of the plate. The result 
obtained is wliat is usually known as the Moment of Inertia of the area 
about the given axis. This is the quantity generally required in 
engineering problems. If, however, the Moment of Inertia of an actual 
plate of matter is required, it may be found from the Moment of Inertia 
of the area in the following way :— 

Tlie Moment of Inertia of the area is numerically equal to the 
Moment of Inertia of a plate of that same shape whose surface density 
is unity. If, therefore, the Moment of Inertia of the area is found 
graphically in tlie foregoing manner, the Moment of Inertia of a plate 
of the same shape about a similar axis is found by multiplying the result 
thus obtained by the surface density of the plate, or by its mass divided 
by its area. This form of result is very rarely required. 
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§ 6. Oraphic Statics 

Whether a hotly will he in etjuilihrium or not under the action of 
a given system of forces can he tested hy purely graphic constructioi'.. 
The forces can produce motion of two kinds : (a) translation, (^d 

rotation. Tlie first of these will he zero if there is no rcsidtant force in 
any direction, the second will he zero if there is no resultant moment 
about any axis. 

The graphic construction to test for no motion of translation is to 
construct the polygon of forces. If tiie polygon is closed, there is no 
resultant force in any direction, and the body will have no motion of 
translation. 

If now w’e can devise a graphic construction to test whether the 
re.sultant moment about any axis is zero, we shall have a complete 
graphic metltod for testing the equilibrium of a body under any system 
of forces. 

The graphic method for testing for zero moment is known as the 
T.inlf Polygon or tlie Funicular Polygon. 


Lot A, B, C. D and E (Fig. 46) repre.sont a system of forces acting on 
a body in sucli n way as to produce neither translation nor rotaj-ion. Tho 
force polygon will be of the shape shown in full lines in Fig. 47, and will 
be a closed polygon. 

Choose some point O and draw lines from O to the corners of tlio 
force polygon, ah, be, cd, etc. From some point P on the line of action of 
A (Fig. 46) draw PQ parallel to the line Oa(>. , , i- 

From the point Q. wliere tliis cuts the line of action of B, draw a hne 
OR from B to C parallel to 06c. From C to D draw RS parallel to Oed 
and so on. Bv this means a figure will be obtained, shown by tbe dott^ 
lines drawn between tho lines of action of these forces A, B, C, D and b. 
This is called the Link Polygon or the Funicular Polygon, and if it is clo.socl 
tlie forces acting on the body will have no turning moment on tho body. 
Tlie conditions of equilibrium of a body may therefore be expressed by 
saying that, for equilibrium of any body, the force polygon must be closed, and 

the link or funicular polygon must be closed. i i. i i i 

If, when these polygons are constructed, they are not found to be closed, 

the line closing the force polygon must be drawn ; this gives the ma^itude 
and direction of the equilibrating force. Its hne of action is found by pro¬ 
ducing the open ends of the funicular polygon until they meet. The point 
of intersection is on tho line of action of the force The direction and 
magnitude of the force are known already, hence the force r^juircd to 
maintain the whole body in equilibrium is determined completely. 

The magnitude and line of action of the force Em the diagram (Fig. 46) 
was found by means of these methods. ABC and D being «‘>PPOsed known. 

For the proof of the statements made in connection with the funicular 
polygon, and for its furt>ier applications, reference must be made to text- 

books of Applied Mathematics. 

Expt. 39. Construction of the Force Polygon and the Link Polygon.— 
Hang up a light cardboard or metal plate on the apparatus used for 
verifving the Mygon of Forces, suspending it by means of four cords 
applied ^at different points and carrying weights at the other ends, 
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»rranf:inK tlio rnrcls over pulleys so as to act in difTerent directions. Make a 
copy of the plate on drawing-paper on a drawing-board, putting in lines 



Flo. —Link Polygon 


to represent the directions and magnitmles of Ihree of the four forces acting 
on the horly. 

Construct the force polygon and the link poltgon on these three 
forces, and find the line of action and the magnitude of the force re- 



ea 

FlO. 47—Force Polygon 

quired to keep the body at rest when under the action of these three 
forces. Verify that the fourth force actually acting on the plate is of 
this magnitude, and that its line of action coincides with that obtained 
by this graphic construction. 
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Expt. 40. Graphic Determination of the Weight of a Plate.—As nii 
additional exercise in prapliic statics n heavy plate may be used, sxip- 
porting it b>' three strings, so as to obtain tljree forces-—acting in 
different directions, and apjilied at different ]>ojnts, l)ut all in oiu^ jilane. 
Determine the force wliich iimst be acting on the plate to keep it in 
equilibrium under these three forces ; this will be equal to the weight of 
the plate. The line of action of the force obtained graphically mu.st pass 
^•ertically through tlie centre of gravity of the plate. \’erify these results 
by determining the position of the centre of gravity (p. 64) of the plate, 
and also by weighing it. 


§7. Friction 

Whenever an attempt is made to move relatively to each other two 
bodies which are in contact, forces are introduced whicli oppose tlic 
motion. Sucli forces are grouped together generally under the title of 
frictional forces, though they differ very widely in their nature. The 
investigation of Iluid friction is generally dealt with in experiments on 
viscosity and is beyond the range of tiiis book. 


SOLID FRICTION 

When two solid bodies are in contact, the forces between them can 
be resolved, in general, into two components. The component in the 
direction of the common normal may be called the thrust between the 
bodies ; the other component, at right angles to the normal, may be 
called tlie friction. Wlien an external force is applied to one of the 
bodies tending to move it in a direction at right angles to the normal, 
the force of friction is called into play and tends to prevent sliding 
motion. So long as no relative motion takes place the friction ju.st 
balances the api)lied force. If the applied force is gradually increased, 
a stage will he reac-hed at which sliding motion is just on tlie point of 
commencing. The friction is then called limi ting friction. 

The limiting friction between solid surfaces pressed together by a 
given thrust is practically independent of the area of contact, provided 
the surfaces are not appreciably deformed by applying too large a force 
on too small an area. 

The friction between two solid surfaces, when motion takes jilaoc, 
and one surface slides over tlie other, is nearly independent of the 

relative velocity of the two surfaces. 

In the case of two solid surfaces in contact, the limiting friction 

between the surfaces depends solely on the nature and condition of 
the two surfaces and on the force pressing the two surfaces togetlicr. 
The limiting friction is proportional to the force pressing tlie two 
surfaces together, and we obtain from this relation the quantity known 
as the Coefficient of Friction between two surfaces. 
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COEFFICIENTS OF FRICTION 

TIh* Coeflacient of Friction ]>etween two surfaces is defined as the 
force of friction, divided by the force pressing the two surfaces together. 


Hurma! force 


Retarding f 


Motion 


Fio. 48.—FrIctJon 


Thus if tlie thrust, or the force acting perpendicular to the two sTirfaces, 
is F. and the force resisting their relative motion is/, the coefficient of 
friction between tlie two surfaees is //F. This is usually indicated by 
tlic symbol u, so tliat 

_/ 

P-p* 


STATIC AND DYNAMIC (OR KINETIC) FRICTION 

The force required to atari two surfaces slipping over each other 
when pressed together with a given force is greater than the force 
necessary to keep them moving over eacli other when once they are 
started. We thus have two frictional forces for a given force perpendi¬ 
cular to the faces. One of these is called the static frictional force, being 
equal to the force that has to be exerted to start the motion, or the 
force exerted on each other by the two surfaces when at rest. The other 
force is called the dynamic frictional force, being equal to the force 
required to keep the surfaces in steady motion over each other when 
once the motion has commenced. Corresponding to these two forces 
there will be two coefficients of friction. The coefficient of static friction 
is invariably greater than the coefficient of dynamic (or kinetic) friction. 

Expt. 41. Determinations of the Coefficients of Friction by moving a 
Block over a Horizontal Table.—Adjust the table so that the surface is 
horizontal. On it place a block of wood or metal whose weight has been 
determined. Attach a cord to a hook in the side of the block, and pass 
the cord over a pulley adju.sted so that this part of the cord may be 
liorizontal. To the free end of the cord attach a scale-pan on which 
various weights can be placed. 

(t) Determination of the Coefficient of Static Friction.—Place a known 
load on the block, ami adjust the weights in the scale-pan till the block 
just moves ; find the ratio between the force required to move the block 
and the force pressing the two surfaces together. This ratio is the coeffi¬ 
cient of static friction for the pair of surfaces used. Repeat this for 
several different weights on the block, and show that the ratio is approxi¬ 
mately constant. 
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The force/, applied to the scale-pnn, must include tlie woipht of tho 
scale-pan, and tl>e force F, pressing the surfaces togetlior, includes tho 
weight of t he block. 

Record the observations giving F, /, and /t in tabular form. Tho 
mean value of ft is the coellicient of static friction. 

(ii) Determination of the Coefficient of Dynamic Friction.—Place weights 
on the block and a<ljust the weight.s in the .scnlc-pan until the block 
continues to move without accvleralioii when given a slight start. Find 
the ratio between the force re<|uiretl to keep the block in motion and the 
force pressing the two svirfaces together. This ratio is tho coefiieient of 
dynamic friction for the two sur¬ 
faces used. Do this for several 
different weights on the block to 
show’ that the ratio is approxi¬ 
mately con.stant but smaller than 
the coefficient of static friction al¬ 
ready obtained. Find the mean 
\alue of the coefficient of d\-namic 
friction. Knter the results as in 
the determination of the coefficient 
of static friction. 

By covering the table with a flat 
plate of bras.s or of zinc and using , . . . , 

blocks of different materials the coefficients of friction between several 
different pairs of surfaces can be determined. A suitable selection, as 
giving fairly considerable differences in the values of the coefficients is : 
wood on wood («) with, (6) across the grain, zinc on zinc or brass on brass. 

and wood on bra-ss or wood on zinc. . , , . 

It Is essential for consistent results that tlie surface of any one plate 
shall be in a uniform state of polish all over. If this is not the case, the 
experiment must be carrie«l out so that tho portion of the lower surface 
moved over is alwavs the same. This is done by marking a lino on the 
fixed surface and starting tho block always from that line. 

It is also essential that the surfaces be in the same condition m al 
the experiments with a given pair of surfaces. If tlie surfaces are pressed 
together before applving tho force, the coefficient of friction will be 
changed to some extent ; if moisture condenses on the surfaces the 
coefficient will be changed entirely. 



LIMITING EQUILIBRIUM ON AN INCLINED PLANE 


Wlien a body is resting on an inclined plane, and the angle 6 between 
tlie plane and the horizontal is increased till the body is just on tho 
point of sliding down the plane, the force of friction assumes its limiting 
value. As in the Static Inclined Plane (p. 57), the force pulling the 
body down the plane is equal to the force. P. required to keep the block 
at rest on the plane in the absence of friction. The force pressing the 
two surfaces together is equal to the reaction, R, of the plane. The 
coefficient of friction, /x, is therefore P/R. 


Now 


? = W sin 6 and R =W cos 6. 
P W sin 6 


^ R W cos 6 


= tan 6. 


Therefore 
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I’MT 42 Determination of the Coefficients of Fnction by means of 
an Inclined Plane.—Finer a block of inntennl on an inchnc<l plane and 
rrackially increase the slope of the plane. At a certain mclination tno 
^ ^ block will .slip: note the angle of m- 

clination when slipping takes place. 

Place weights on the block and raise 
the plane again ; note that the block 
slips at approximately tiio same inclina¬ 
tion as before. Lot this angle be 

Repeat the experiment, and fiiul tlio 
inclination at which the block will just 
continue to move down the plane if given 
a slight start — do this with the block 
loaded and unloaded, and show that the 
inclination is the same in either case. 





Fjo. jO.—F rictfon on laclliic<l Plune 


Lot this bo 0,. The inclination requiretl in this case is not so great as 
that rotpiirod' for the bl«)ck to .start of its own accord. 

Tho coethoient of static friction i.s tan 0i : the coefficient of dynamic 
friction is tan tL. 

Hy facing the plane with shoots of differont materials, and using different 
blocks, tho coofiicients of friction between several different sets of surfaces 
can be found in tho sumo way. 


THE FRICTION OF A ROPE OVER A FIXED PULLEY 

When a belt or rope is stretched over a fixed cylinder, equilibrium 
can occur with unetpial tensions on the two sides 
on account of the friction between the surfaces in 
contact. 

Suppose the string in Fig. 51 is just on the B 
point of slipping from B tow’ards A — the tension 
T l>eing greater than the tension To — then it can be 
shown theoretically that 

T=Toe»‘^ 

where fx is the coefficient of friction, 0 is the angle 
ACB (Fig. 51), and c = 2-71828 .... 

e is the base of the Napierian or Hyperbolic logarithms and is 
represented by the series 



FlQ. 51.—Hope over 
Pulley 


1 


1 la- 1 

’ 1 .2.3 


+ -— 


1 


1 .2.3.4 


+ 


Taking logarithms to base e of both sides of the equation T =Toe'*®, 
we obtain 

log*. T = loge To + loge 
\oge T-loge To=/X0. 

For purposes of calculation convert to logarithms to base 10 

(logio T - logic To) log* 10 =/xfl. 
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The value of log^ 10 is 2-30258 . . or witli svifficient accuracy lor 
the present purpose 2-3. 

Hence the coefficient of friction is given by 

logio T “ logio To „ 

- e - 

where 6 is measured in radians. Note that tt radians = ISO'*. 


A 


Expt. 43. Determination of the Coefficient of Friction between a Rope 
and a Pulley.—The apparatus used to illustrate these results consists of 
a metal cylinder on the surface of which is stretched a string or belt. 
Tensions are applied to the ends of 
the string by attaching weights to 
them. It is convenient to use a known 
weight of say 100 gm. at one end and 
to ailjust the weight at the other end 
by putting weights into a scale-jjan 
tied to tlie string. The weight of this 
scale-pan must be taken into account, 
and in some cases it may be necessary 
to take into account the weight of the 
suspending string. 

The ‘ angle of contact ’ for the 
string and the cylinder can be varied 
by passing the string over a small 
fixeci pulley whose position can bo 
atljusted as desired (Fig. 52). The fric¬ 
tion of this pulley can be neglected. 

The circumference of tlie cylinder 

mav be marked off into a number _ _^ 

of euual parts, corresponding say to 90^, ISO”, 270 . 360 , 4o0 , .>40 , 
etc. The string may then be wound round the cylinder so that the arc 

in contact corresponds with one of these angles. i i j • 

For any particular angle determine what weight must be placed in 
the scale-pan just to start the string moving over the cylinder. 
Tabulate the results as follows :— 



f^TpsTOOgffl 




270 



52.—Friction between Rnpe ami 
Pulley 


1 

Angle 

Tension T 

log,, T 

- J ^ 

90^ 

180’ 

270’ 

etc. 





The figures in the last column should be constant. 


Plot two curves to show those results. . . i r *1 1 

(1) Plot the value of T - T, as ordinate against the value of the angle 

as abscissa. This will illustrate the fact that the tension increases with the 
angle in the same manner as a sum of money put out at compound '^terest. 

The importance of this curve in practical and m 
considerable, for example in damped oscillations, or m Newton s lau of 
cooling (p 298). a curve of exactly the same form is used to expre.ss some 

'".VploMhe vJruf of log.. T - log,. T ^ ordinate against the value of 
the angle as abscissa. The graph should be linear. 





76 


A TEXT-BOOK OF PRACTICAL PHYSICS 


rr. I 


NOTES ON THE UNITS OF FORCE, WORK AND POWER 

F'obce 

Fnifo may bo moasarod either in gravitational or in absolute (dyna- 

h«"gravitatioiial unit of force is the attractive force of the earth on a 

mass of one gram, or 1 gm.-weight. ... c 

The dynamical unit of force is the force which, acting on a mass of ono 
cram, produces an acceleration of one cm. per sec. per see. or 1 cm. sec. 
{SCO Chapter VIII. p. 102). This C.G.S. unit of force is called 1 d^e. 

If <1 denote tlio acceleration in cm. per sec. per sec. produced b> the 

earth’s attraction. 1 gm.-weight = j/dynes. 

In the M.K.S. svstcin unit force is 1 newton (10* dynes). 


Work 


Work is measured by the product of the force acting, and the distance 
moved tlirough by the point of application in the direction of the force. 

'I'lio gravitation^ unit of work is the work done in lifting a ma.ss of one gram 
through a vertical distance of ono centimetre. It is called 1 gm.-cm. 

The dynamical unit of work is the work done when a force of one dyne 
moves its point of application through one centimetre. 1 dyno-cm. is 


called 1 erg. , i 

Tn the M.K.S. system a larger unit of work, the joule, is used 

joule is \ ncwton-inetro. 1 joule = 10 million erg3= 10' ergs. 


The 


Power or Activity 

Power is the rate of doing work. 

The gravitational unit of power is I gm.-cm. per sec. 

The dynamical unit of power is 1 erg per sec. 

The M.K.S. unit is more convenient. It is 1 joule per sec. or 1 watt. 


CHAPTKK VI 


MACHINES 

§1. Efficiency, Force Ratio ani> Velocity Ratio 

Any apparatus !)y which work may he done as a result of mechanical 
energy sujjplied is called a macliine. When work is done as a result 
of a supply of energy otlicr than mechanical, 
the term ' engine ’ is generally used ; we shall 
limit our study here to the consideration of 
machines, or ‘ contrivances ’ for doing useful work. 

EFFICIENCY 

In any form of machine, a certain portion Applied 
only of the energy supplied is actually eini)loyed 
in useful work ; the remainder is lost in friction 
inside the machine. The more ‘ efficient ’ the 
machine, the greater is the proportion of energy Fig. 53.-Princij.ic .>f 
employed usefully; we therefore say that the 

efficiency of a machine is the ratio of the work usefuUy performed to 
the total energy supplied, so that 

. Work usefuUy perform^ 

Efficiency = - ^Energy supplied 

A perfect machine would utilise all the energy supplied ; thus the 
efficiency of a perfect machine is denoted by unity. 

In any type of machine the energy is supplied by some force P 
exerted on the machine and acting through some distance d^, while 
work done is by the machine exerting some force W, through a distance 
dz (Fig. 53). It is convenient to suppose that the force W is used in 

lifting a load througli a vertical distance d^. 

When the Applied Force P moves through a distance d^, the energy 
supplied to the machine is Vd^. The quantity gives the amount 
of work usefully performed in the same time. 

Thus the Efficiency of the machine is given by 

'Wdz 

I ,l-rary College. 
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MECHANICAL ADVANTAGE OR FORCE RATIO 

A macliine ia generally designed so that by applying a smaller 
f..,oo l\ a load W of considerably greater magnitude can be over- 


coino 


Tl,. r,tio is knon-n as the Mechanical 

1 he ratio applied to the Machine 

Advantage, since it usually represents a gain of force. 

Tliis is not, however, invariably the case ; a very large force P, 

acting only through a short distance, may be used to raise a small load 

\V througli a considerable distance. In this case the ratio W/P is 


less than unity. 

To avoid wliat is perhaps a misuse of the term Mechanical Advantage 
in cases like this, the more general name Force Ratio, suitable for all 
cases, is sometimes used to indicate the ratio W/P. 


Force Ratio or Mechanical __ Load ov ercome_ 

Advantage Force applied to Machine’ 


VELOCITY RATIO 


The distances moved through by the Applied Force and the Load 
are in general not etiual. If the machine were perfect, we should have 
\\d.> = Pf/i, so that 

d W 

= --jj in a perfect machine. 

U2 jf 

Tliis ideal is, liowcver, never realised, and always 

\V<h < Pdi, 


and 


W ^ d, 
■p 


Now, in general, the distances d^ and can be obtained by inspection 
of the mechanism, or by measurement of its parts ; even if these be 
enclosed, the distance do corresponding with any given distance dj can 
be measured. It is thus possible always to determine the ratio djd^ 
by simple inspection or actual measurement. 

Tlie ratio djd^ is the ratio of the distances moved through by the 
Applied Force and the Load in the same time ; it is, therefore, the 
same as the ratio of the velocities of the Applied Force and the Load. 
Rate of u'orking is an idea which is more important to an engineer than 
actual work performed, and therefore the study of rale of motion is 
more in accordance with engineering ideas than is that of the actual 
distance moved. The term Velocity Ratio therefore is applied generally 
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to the ratio of these di.sfance.Sy since tlu' veloeilies arc in the same 
proportion as the (Hstan<-es, that is 

Distance Applied Force moves 
\elocit\ Jjoad is overcome 

In clioosing a niacliine for any purpose, tlie Mechanical Advantage, or 
Force Uatio, recpiircd should be estimated, and tlie macliine chosen sliould 
lm\e a \‘elocit\- Ratio greater than this by an amount sulhcient to allow 
for tlie frictional losses in the machine itself (see note at end of § !). 

It must be remembered that frietiomil forces are very variable in 
cliaracter, and (iepend to a largo extent on lubrication. 


RELATION BETWEEN VELOCITY RATIO, MECHANICAL 
ADVANTAGE (OR FORCE RATIO), AND EFFICIENCY 

We liave seen tliat the Efficiency can be expressed as 

_ Wt/o 
^ “ IVi ■ 

This is conveniently re-written as— 

_W/P 

Useful Work _ Mechanical Ad^^tage 
so that Efficiency = Ener^ supplied “ Velocity Ratio 

_ Force Ratio 
” Velocity Ratio ' 


Thus if the Mechanical Advantage of a machine is determined 
experimentally, and its Velocity Ratio hy inspection or measurement, 
tlie Efficiency is obtainable as the quotient of these two. 


Note.—A fter some experience, the probable efficiency of various typos 
of machines can be estimated with fair accuracy. If the Velocity Ratio is 
detormined as already described, tlio probable Mechanical Advantage of a 
machine can bo calculated roughly by the relation— 


Mechanical Aiivantage = Velocity Ratio x ISfficiency, 


and hence its suitability for a given purpose can be judged. 


§2. Determination of the Efficiency, etc., of Various 

Types of Machines 

A few types of mechanism in common use will now be considered, 
together with the way in which cheir Velocity Ratios can be obtained 
hy inspection. The inethod of obtaining the Mechanical Advantage is 
practically the same for aU types of machines. 
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PULLEY BLOCKS 

The set of nullev blocks coiisiilerotl is ono consisting of two blocks of 
throe inhlevs eacli (Fig. 54). The upper block is fixed to a beam, the lo\yer 
block being suspended from tlie upper one by a continuous cord which 
na-ses over each pulley. The one end A of the cord is attached to the 
framework of tlie uiiper block, while the other eiul hangs downward and 
is pulled by tlie applied force P. The load \V is hung from the framework 

of tlie lower block. 


I*:xiT. 44. Efficiency of a Pair of Pulley Blocks.—To find the efficiency 
two deterniinations must be made. 

(i) Determination of the Velocity Ratio by Inspection.—If the cord is 
Tallied down a distance c/,. the total length of cord WTapped over the 
' pulleys from B to A is shortened by a dis¬ 

tance t/,. This shortening is taken up equally 
by all the vertical portions of the cord between 
B and A. since all the lower pulleys move up¬ 
wards together. Hence each of the portion.s of 
the cord between the upper and lower pulley 
blocks will be shortened by an amount = d,/G, 
since there are six vertical portions. 

But the centre of the lower pulley block 
will be raised a distance equal to the shortening 
of each of the vertical cords, so C will rise a 
di.stanco e/,/G. This is the distance through 
which the load \V is raised, and the distance 
djsdj/G, or the Velocity Ratio dJ(J.i=Q>. 

In a similar way the Velocity Ratio of any 
system of pulleys can be determined easily. 

(ii) Experimental Determination of the Mechanical 
Advantage.—In most types of apparatus de¬ 
signed for laboratory use, tlie weight of the 
lower pulley block is a considerable proportion 
of the actual loads employed. The weight of 
the blocks used in engineering works is, on the 
other hand, quite inappreciable compared with 
the loads lifted. 

If therefore the weight of the lower pulley 
block is not included in the load, or the part 

FiQ. 54 ._puUoy Blocks of the applied force required to raise it is not 

deducted from the total force P, an erroneous 
idea of the practical efficiency of such a system would be given, the 
value obtained being too low. 

We therefore deduct from P the force P^ required to lift the pulley 
block alone, or include the weight of the pulley block in W when calcu¬ 
lating out the Mechanical Advantage, although, strictly speaking, the 
work done in raising the block is not employed usefully. 

If the weight of the pulley block is known, the obvious way is to include it 
in the load W, and to find the ratio W/P, considering the pulley block as 
part of the load. 

If the weight of the pulley block is not known, find the force P, 
required to operate the machine when there is no load hanging from the 
pulley block. This force P^ is evidently required to raise the pulley block 
alone. Now when a known load W is suspended from the pulley block. 
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a total force P, is re<|uii-c<l to raise the loatl W am) the pulley block ; 
hence the force P retiiiircil to raise the known part of tlie load is given l>y 

P=P.-P„. 

P, and P, shouhl be adjustetl until the machine just co«itinues to work 
when given a slight start. 

Determine the Mechanical A<lvantage of the pair of pulley blocks, 
using five or six difYerent loads. Arrange the observations in one of the 
following ways :— 


(a) Weight of Pulley Block known= 70 gm. (say). 


Load sudiK^nclcd | 
from liJock, 

W| (Jll 

Applied Force, ! 
P 

Total Load 
ihcluding lilock, 

w 

p 

200 

110 

270 

2-45 

400 

190 

470 

2-47 

GOO 

270 

G70 

2-48 

800 

370 

870 

2 35 

1000 

450 

1070 

2-38 


Mean of lost colun»ns= .Average Meelinnicui Advantages: 2-44. 


(6) Weight of Pulley Block not known. 

Force required to raise block nlono= Po= 30 gin. (say). 


Loud sujipc ruled 
from lilock, 

W 

Total Applic<i 
Forci*, 

Fi 

Force renutred 
Tor Load \V, 
P*-P^-P 

^Y 

1> 

200 

no 

80 

2-50 

400 

190 

160 

2-50 

GOO 

270 

240 

2-50 

800 

370 

340 

2-35 

1000 

450 

420 

2 38 


Mean of lost column = Average Mechanical Advantage = 2-45. 


Note. _If a scale-pan is used cither to hold the load W or the applied 

force P, its weight must be inclutlcd in tlie corresponding force. 


Having determined the Mechanical Advantage and the Velocity Ratio 
of the set of pulley blocks, oxpie.ss the Efficiency os— 


Useful Work _ Mec han ical Advantage 
* ” Energy supplied Velocity Ratio 

_ Force Ratio 
Velocity Ratio 

The Velocity Ratio is C, the Mechanical Advantage is 2-45. 


Efficiency * = ^=041 = 41% 


D 
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DIFFERENTIAL WHEEL AND AXLE 

'I'his appnratus is froqncntly mot with in laborntorios. ami the ‘ 
vntial ■ primipio it omho.lios is applied not infrequently in practical forma 
of iienriln: ; it forms thorefore a suitable type of machine to consider in 
detail Tlio apiilied force P is exerted on a cord which wraps round a wheel 
of Inrpe iliameter (Fig. 55). The wheel is fixed to an axle whose dimeter 
is diherent in two parts, and round these two parts of the axle tlie two 
ends of another cord are wound in opposite directions. In the hanging 
loop of this cokI is carried a pulley from the framework of which the load 
is supported os shown in the accompanying sketch. Ihe who e appar¬ 
atus is mounted on a metal spindle supported on a suitable pair of brackets. 

E.xpt. 45. Compound Wheel and Axle or Differential Wheel and Axle. 
—The experiment is in two parts :— 

(i) Calculation of the Velocity Ratio.—^\'hen the cord 
round the large wheel is pulled <lownwards so as to 
unwind it from the wheel, the apparatus rotates so 
tliat the other cord is wound up on the axle of 
largo diameter but is wound off the narrower part of 
the axle. 

Consider one complete revolution of the apparatus. 
Let the diameter of the wheel be A, and the diameter 
of the large and small portions of the axle bo b and 
c respectively. 

The applied force acts through a distance equal to 
the circumference of the wheel when the apparatus 
makes one complete revolution, and 

</, = tA. 

In the same time, there is a change in the length 
of that part of the other cord which hangs free of the 
axle. An amount equal to -nb is wound up on the 
large part of the axle, but an amount wc is wound off 
the small part, so that the free length is actually short¬ 
ened an amount— 

- irc or t( 6 - c). 

KlO. 65.—Compound . ... ^ -j « 

wiitfi uiid Axk- This shortening is taken up equally on the two sides of 

the hanging loop, so that the pulley rises a distance 

only one-half the shortening of the loop, and the load rises a distance 

= - c), or 

ir(b-c ) 

a*- 2 ■' 

The Velocity Ratio is thus 



wA 


2A 


t( 6 - c)/2 b - c 

Note the factor 2 iii the numerator of this expression. 

Pleasure the diameters of the wheel and the two parts of the axle with a 
pair of large callipers, or measure the actual circumferences w’ith string 
and scale or with a flexible tape measure, and calculate the Velocity Ratio. 

(ii) Determination of the Mechanical Advantage.—Determine the Mechani¬ 
cal Advantage as already described in the case of the pulley blocks, 
allowing for the weight of the pulley and scale-pans as detailed there 
(Expt. 44). 

Calculate the value of the Efficiency of the apparatus ; this will 
probably be as high as 85 or 90 per cent. 
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THE SCREW 


footstep Ji 
bearing 


The employment of n screw mechanism for \arions tx pes of machines 
is extremely common, especially’ where a very laree mechanical atlvante.-ie 
is required. In practice a screw is t>fteu incorp<trate<l as part of a m<»re 
complicated mechanism, though it is sometimes met with alone, (’ommon 
examples are tlie screw lifting-jacks used for raising the axle of a motor-car 
when replacing a tyre, or for raising any heavy weight wliere liarul-labour 
alone is available. 

The experimental form of screw is us»uilly fitted with a large diameter 
pulley round which a cord is wouml, the cord being pulled by weights 
placed in small scale-pans hanging {>ver small pulleys at the side of the 
apparatus as .shown in Fig. 50. The lai-go dia¬ 
meter pulley and the attemlant cor<l.s are 
usually replaced by a T-shaped handle in the 
practical forms just referred to. 

On the screw is carried a large nut fitted 
with a yoke which carries the load The 
screw’ is supported at the lower end by a bear¬ 
ing on which it freoly turns, and near the top 
by a collar through which it just passes freely. 

A usual typo of apparatu.s is illustrated in 
Fig. 5(3, though the framing which supports 
the smaller pulle^’s over which the cords pass 
is not shown. Other forms are frequently met 
with in laboratories. Sometimes the large 
pulley is only pulled by one weight, in other 
cases two cords are fitted and two weights are 
used os shown in the diagram. 

The second type is to be preferred, as, if P, 
and Pj are equal, the screw is not pulled to¬ 
wards either side; if an unbalanced, single 

force is used, the screw is pulleil to one side of the collar, and additional 
friction and wear are caused thereby. 

The nut would tend to turn with the screw as it revolved, unless suit¬ 
able means were taken to prevent this ; a guide or a pair of guides must 
therefore be fitted. The usual type of guide is a rod fixed to the mum 
framework, pa.s.sing down from the collar to the footstep bearing, and 
fitting into slots cut in the nut. As the screw rotates, the nut cannot 
turn with it, being prevented by the guides, ami hence it must move 
along the screw thread. The load is thus raised or lowered according to 
the direction in which the screw is turne<i. These guides are not shown 
in the diagram. 

Expt. 46. Determination of the Efficiency of a Screw.—If the screw 
is to\vork efiicientlv. it is essential to keep the two bearings and the 
guides well oiled, and particularly to oil the thread of the screw itself, as 
most of the friction is between the screw and the nut. 

(i) Calculation of the Velocity Ratio.—Let the diameter of the pulley 
at the top of the screw be D. Then in one revolution the applied force 
(or forces) moves downwards a distance equal to the circurnforonce of 
the pulley, so that considering one revolution of the screw— 

= wD. 

In the same time, the screw advances one turn in the nut, and the nut 
is raised a distance equal to the ‘ pitch of the screw. 



Fig. 50.—Tlie Screw 
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It the pitch C.f ‘he sen-w is evidently 

(L = p, 


?tD 

and ti)o Ratio '■ • 

Mensure the <liiuneter of the pullov with large callipers, taking care 
to mensure the diaii»eter across the bottom of the grooves whore the 
-ords lie. or measure the circumference with string and a scale. Mensure 
the pitch of the screw b\- pressing a piece of clean paper itito contact 
with the thread for some distance along the screw, and measure the 
length of, say. 20 threads. Do not forget that the pitch of the screw is 
the distance between two .similar points on successive turns of the same 


threa<l (Fig. 7). 

( alculatc the \'eIocitv Ratio. , i • i 

(ii) Delenninatioii of the Mechanical Advantage.—Determine the Mechanical 
Advantago as described in Expt. 44. In tliis ca.se. the weight of the nut 
ami yoke cannot be foiiml, as the nut is fixed to the .screw’ ; it must 
therefore be allowed for bv finding P,, the force required to lift the nut 
and yoke alone, and deducting this from the total force required when a 
load i.s suspemlcd from the yoke. 

If two cords are fitted to the large diameter pullej’, the applie<i force 
is equal to the sum of the two weights suspended from the cords. 

Find the Efficiency of the .screw ; it will be found rarely to exceed 
20 per cent e\en if kept well oiled, and may bo as low as 7 or 8 per cent 
if the screw lias got rusty through lack of care. 


WHEEL GEARING 

No account of machines would be complete without some reference 
to the most common of all types of gearing — gearing by means of 
toothed wheels. This type of gearing is of great adaptability and 



appears in various forms in all kinds of machinery — in watches, 
motor-cars, lathes, travelling-cranes, etc. We shall limit ourselves to 
considering a simple train of wheel gearing, and, to avoid complication, 
a numerical case will be taken. 
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Spindle A carries a larpc diameter drum of raflius 15 cm. On the same 
spindle, ripidl%’ fixed to the drum, is a tootlied wheel with 20 teeth. 

This engages with the teeth of a wheel mounted on B ha\-ing 80 tooth 
in its circumference, so that (he largo wheel on B rotates once for every 
four revolutions of A. Fixed to this large wljeel on B, is a small wheel 
with 20 teeth which engage with the teeth on a large wheel on spindle C. 
This has 100 teeth in its circumference, so that the spindle C revolves onco 
for every five revolutions of B, or every twenty revolutions of A. On tho 
third spinflle C, is a small drum of radius 2 5 cm., round which pn.sses tho 
cord supporting the loatl W, tho cord being wound so that as P falls, 
\V is raised. 

It i.s simplest in this case to consider tho effect of one revolution of 
spindle C. 

In one revolution of C’, (he load \V ri.ses a distance equal to the circum¬ 
ference of the small tlrurn, so that dj= 2rr x 2-5 cm. 

For e\’ery revolution of C, A revolves twenty times, and hence P acts 
through a tlistance equal to twenty times tho circumference of the large 
drum, so that d, = 20 x 2 w x 15 cm. 


The Velocity Ratio is therefore = ^20. 


Expt. 47. Determination of the Efficiency of a System of Wheel 
Gearing.—Calculate the \’elocity Ratio of a system of wheel gearing, a.s 
tiescribed in the foregoing example. Determine experimentally its 
Mechanical Advantage as in Expt. 44 and deduce its Efficiency’. 

The Efficiency of a wheel gear train depends very largely on the accuracy 
with which the teeth are cut: a well-cut set of gear wheels may have an 
efficiency of 95 per cent in a simple train such as that described. 


Note. —The terms Weight and Power are used frequently for the quanti¬ 
ties W and P dealt with in this chapter unrler the names Load and Applied 
Force. The u.se of a general term Weight for a particular and special 
quantity is objectionable ; tho term ‘ Loa<l ’ lias no special scientific 
meaning, and its use is preferable to tho rise of ‘ Weight ’ in this connection. 
The term ‘Power’ has a definite and particular scientific significance, 
namely the ‘ rate of doing work It must not therefore be used in tho 
sense of Jorce. The term ‘ Effort ’ is used sometimes to indicate this 
quantity P, but it is not by any means universally employed. 
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§ 1. fJKNERAL Theory 

AVitFN a force of any kind acts on a body, the body is deformed to a 
greater or less extent. Tins deformation will, in general, disappear if 
the force ceases to act. The re.storation takes place as a result of that 
property of the body itself, which is called its elasticity. 


HOOKE’S LAW 

The foundations of the subject were laid by Robert Boyle and his 
assistant Hooke, and the most important law connecting the force 
acting and the deformation produced is known as Hooke’s Law. This 
may i)e stated as Tension is proportional to extension, or in more exact 
language, Stress is proportional to strain. Hooke’s Law is only true 
up to a certain point ; if the stress acting on the body exceeds a certain 
value, the body will not return to its original dimensions when the 
stress is removed. The largest deformation which does not leave per¬ 
manent distortion is called the elastic limit of the substance. Up to 
the elastic limit, Hooke’s Law holds good to a close degree of approxi¬ 
mation. 


DEFINITION OF MODULUS OF ELASTICITY — STRESS 

AND STRAIN 

In order to compare the elastic properties of different materials, it is 
necessary to obtain quantitative knowledge of the deformations pro¬ 
duced by various types of forces. 

Stress.—So far as the amount of deformation produced is con¬ 
cerned, the effect of a force is found to depend on the magnitude of 
the force and also on the area over which it is spread, the effect being 
proportional to the force per unit area. 

Stress is defined as the force exerted per unit area. 

Strain.—A given stress produces a deformation depending on the 
size of the body on which it acts. Tensile stresses of equal magnitude 
acting on similar wires of different lengths will produce elongations in 
the wires in the same proportion as their lengths. The effect of a stress, 

86 



CH. VII 


ELASTICITY 


87 


then, is to produce a certain deformation per unit dimension of the 
deformed body. 

Strain is defined geiierally as the distortion per unit dimension, or, 
Strain is the fractional distortion. 

Any Modulus of Elasticity is defined as the quotient of the Stress 
acting and the Strain it produces. 

Modulus of Elasticity = 


Definitions of the Various Moduli.—1. Young’s Modulus, or Co¬ 
efficient of Tensile Elasticity.—The stress considered in tliis case is a 
linear tensile stress, the strain being the corresponding elongation per 


unit length. 

If a tensile force F acts on a fibre of length L and of cross section A, 
the tensile stress exerted on the wire is F/A. If tlie whole length is 
elongated on amount x, the strain is .r/L. Young’s Modulus is there¬ 
fore expressed as 

E = 


F/A 

at/L 


or E = 


FL 

Ax' 


2. Modulus of Rigidity, or Modulus of Shear Elasticity.—Imagine a 
block of material (say indiarubber) in the form of a rectangular 
parallelepijjed, fixed down at one side to a horizontal bed and with a 
plate firmly fixed to the upper horizontal face. 

If this plate be pulled horizontally with a force F, the whole block 
will be deformed so as to have the shape shown by dotted lines in 


Fig. 58. 

The force F is distributed through the plate so as to act uniformly 
over the whole of the top area A ; the stress is therefore F/A. This is 



Fixed side 

FiQ. 58.—Sheaf Stress and Sticar Strain 


called a Shear Stress. The top layer of particles is displaced hori¬ 
zontally a distance d from its original positive relative to the particles 
in the lower surface. The lateral displacement between two surfaces 
unit distance apart is called the Shear Strain. Thus the Shear Strain 

=d!\y. 

The Modulus of Shear Elasticity is therefore 

F/A_FD 
d/D d\’ 

Note. _Only a solid can possess tensile and shear elasticities. 
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;i. Bulk Modulus, or Coefficient of Volume Elasticity.—If a pressure 
„ is ijnpresso<l ni)on a body having a volume V, and the resulting 
hange of volume is r. the force applied per unit area is p, since pressure 

IS force per unit area ; hence the Stress =/>. , , . i 

The Strain is given hy V, since the distortion produced is e, and 

the dimension distorted is \ . 

P P' 

The Bulk Modulus is therefore *= —• 

It is not always possible to take a body initially in an unstressed 

condition, and lienee a slight modification of the original definition of 

a Modulus of Elasticity is required. ... , ^ 

If Hooke’s Law is true, the Modulus of Elasticity is a constant 

property of a given material untler fixed conditions. It is therefore 

true to say tliat if the stress is increased, 


The 


Increase of Stress 
Increase of Strain 


Stress 

Strain 


= Modulus of Elasticity. 


first of tliese fractions is used frequently in measuring 


a 


Modulus of Elasticity. 

In the case of a gas, where Hooke's Law does not hold good, we 
use tiie quotient increase of pressure divided by the corresponding 
volume strain to express tlie Bulk Modulus of tiie gas in any given 


conditions. 

It is uniieees.sary to measure the Bulk Modulus of a gas, as it can 
be calculated from theoretical consulerations. To measure it for solids 
or li<inids presents great difficulties. We shall limit ourselves therefore 
to considering the experimental methods of determining Young’s 

Modulus and the Modulus of Rigidity. 

Note. _A Stress is always a force per unit area and must be ex¬ 

pressed in dynes per sq. cm. or other units of similar dimensions. A 
Strain is a ratio and has no dimensions. 

A Modulus of Elasticity = and is therefore expressed in the 

same units as those used for the Stress considered, that is in dynes per 
sq. cm. if C.G.S. units are used. 


§ 2. Young’s Modulus 

YOUNG’S MODULUS FOE, A MATEEIAL IN THE FORM 

OF A WIRE 

The apparatus required for the experiment consists of two vertical udr^ 
with their upper ends fixed close together on the same support. One is 
stretched by n constant load whicli need not be known, while the other 
carries a scale-pan A. in wliich any desired suitable load may be placed. 
The first wire carries a short scale C, while on the second wire is mounted 
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n vernier 7^ wliicli slides freely over the senle The two wires should J^e 

of the same material and size. 

li\- this method of using two exactly .similar wires, serious sources of 
error are avoideil :— 

Any yielding of the point of support when the load A is increased, 
«ill depres.s the scale (' t<) tlie same extent as the vernier B is depressed, 
and hence \' ill not bo recorded. Similarly any change in 
the length of the wire due to temperature variations is 
not registered, as both wires are affected equally. 

If we maintain a steady force on one wire, and apply 
different forces to the other, any elongation due to these 
additional forces will be registered by a motion of the 
vernier B along the .scale C’. 

Tlie length of the wire and its radius may be measured 
by ortlinnry methods; lienee the elongation .strain firo- 
dueed by a kiujun stress can be found, and the value of 
Young's Modulus for the material determined. f 

C hF q 

Kxpt. 48. Determination of Young’s Modulus for a j*" | 

Wire.—Place a suitable load,® say 2 kgm., on the scale- 1 —Z_T 

pan attached to the wire under test, to take out any 
slight ber.ds in the wire. Note the reading of the scale 
C and the vernier B. 

Increase the load by .suitable steps,® say 2 kgm., to 
a maximum of 12, noting the reading for each load. 1 

Diminish the load by stop.s of 2 kgm. till the original 0 

load of 2 kgm. i.s reachc<l, taking the reading for each ^ 

load again before it is dirnini.sbed. Take the mean of ^ 

the ob.servations for each loa<l as the actual reading 
corresponding to tliat load. 

If the reading at the etui of the experiment differs // \\ 

apprccdablv from the initial reading (with 2 kgm. su.s- // \ \ 

ponded), it is pos.siblc that the wire has been stretched /[ \ \ 

beyond the elu.stic limit, though the change may be 
duo merely to .straightening. Repeat the observations V X 

in this cn.se: if a further elongation remains perman- 
ently after removing the load, the experiment must j-jq 59 .—Young’s 
be again repented with a new wire, applying a maxi- Modulus for a Wire 
mum load of not more than 8 kgm. 

Measure the diameter with great care at .several points on the wire, 
using a micrometer screw gauge. The accuracy of this mea.surement is 
of great importance. An error of 0 01 mm. in the diameter is of the 
order of 1 per cent, and will affect the final result with an error of 2 per 
cent, since the radius occurs to the second power. An error of 1 or 2 cm. 
in measuring the length of the wire is of less importance than 0 01 mm. 
in meosuring the radius. 

Measure tlio length of the wire from the point of support to the 
point wliere the wire is clampe<l to the vernier. 

Plot a curve showing liow the extension of the wire varies with the 
weight suspended from it. Show that the plotted points follow approxi¬ 
mately a straight line. 

Attention must be directed to two points in the following. First, note 
the way in which the extension is worked out in the last column of the table. 

‘ We believe that this arranKcmcnt of the scale and vernier on two p.vrallel wires originated in 
the Wheatstone Uiboralorv of King’s College. London. , 

• Tho numerical values hero given wore obtained for particular wires, and must be modified 
so os to suit tlic actual wires examined. 
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Tabulate the observations as follows :— 


• 

1 

Rpadiaers 

Mean Rcadiu? 

Extension for an 
InrreaAe of 6 kgm. 

Id mm. 

Load 

Load 

dlmiribtdng 

2 kgrn. 

4 *• 

0 

8 

10 

12 „ 

1 

1 

1-13 mm. 

, 1-33 M 

1-50 .. 

1-67 

1-83 „ 

2 10 

1*15 mm. 
1-35 „ 

1-55 

1-67 .. 

1-87 „ 

1-14 mm. !\ 

1- 34 „ (2to8)=0-53 

l'">3 „ j\A (4tol0)=0-51 

167 ,. V/y {6tol2)=0-57 

1 85 „ // 

2 - 10 „ j/ 


Mean extension for 6 kcm. 


= 0-537 mm. 

= 0-0537 cm. 

Radius of wire (mean of four determinations) = 0-675 mm. 

= 0-0675 cm. 

Length of wire front s»ipport to vernier = 250 cm. 

The Stress produced by a load of 6 kgm. suspended from this wire 

Forco 

^ AFea of cross section of wire* 

The force is the weight of G kgm.» ix.= 6000 x 981 dynes. 

The area of cross section is tr x (0*0676)* sq* cm.» 

so Stress clue to 6 kgtn. = 404,000,000 ,lj-t.es per sq, cm. 

Stress = 4 04 x 10* dynes per sq. cm. 

The Strain produced by the addition of a load of 6 kgm. 

Mean elongation for 6 kgm. 


Length of wire from support to vernier 
_^0537 
~ 250’ 

= 0 000215 or 2-15 x 10 *. 

Young’s Modulus for the wire is therefore 

Stress 4-04 x 10* , 

-- - -T—^ = 5 -Tr—iTw dynes per sq. cm. 

Corresponding strain 2-15 x 10 * 

= 1*88 X 10'* d 3 ’nos per sq* cm. 


It is said frequently that the average elongation for 2 kgm. should he 
taken, and this value used for determining the Modulus of Elasticity. This 
is done by taking successive differences between the numbers in the l^t 
column but one, adding together these successive differences and taking 
their mean. By this method, however, any additional accuracy which 
might have accrued through taking six observations is lost completely, 
the result depending entirely on the first and last observations. Each of 
the intermediate observations is taken into account twice, once positively 
and once negatively, and is thus without effect on the result. If the six 
readings are denoted by A, B, C. D, E, and F, successive differences are 
A - B, B - C, etc., and their mean is 

(A-B) + (B-C) + . . . + (E-F)_A-F 
- 5 ^ 5 ■ 

That the difference in the result may be considerable is shown in the 
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sntnple .«ct of obscr\ atioiis pivon, the extension for fi kpm. by this method 
beinp 0-576, as apainst 0 537 b\ tlie method opposite. 

In the metliod piven in tlie table encli observation is taken into accovmt 
once only, the result therefore depends on all the readings takeri ami is 
correspondingly more accurate. 

The .second poiiU to which attention must be directed is concerned with 
the measurement of the length of the wire. The whole wire is stretchefl 
bv the load on the scale-pan A, but the extension measured is only that 
sullered by the j>art of the wire between the j)oint of support and the 
vernier. In calculating the strain this length is therefore the length to be 
used as the denominator. 

X.B.— The loads must be chosen to suit the wires under test. 

YOUNG’S MODULUS FOR A MATERIAL IN THE FORM 

OF A BEAM 

The apparatus required for thi.s experiment consi.sts of two knife-edges 
across which the ' beam ’ can bo rested, a scale-pan or liook supported 
from the mitldle of the beam, and some convenient method of determining 
the e.xtent to which the centre of the 
beam is depre.s.sed. If tlie ro<l is very 
thin so that the depres.sion for (say) 1 
kgm. is considerable, a met re scale place<l 
vertically behind the rod can be used for 
measuring the tlopressionof the centre, the 
division opposite to the top or bottom 
face of the rod being observed. If the 
rod were fairly stiff, very large forces would be required to produce a bend¬ 
ing which could be measured with sufTicient accuracy in this way. It is 
preferable to use moderate forces nn<l employ some more delicate method of 
measuring tlie depression. For this purpose a vertical scale may be attachcfl 
to the centre of the rod an<l ob.served by a fixed low-power microscope. As 
the centre of the rod is defiressed, the scale moves downwards relatively 
to the microscope. The reading of the scale seen coincident witli the cro.ss 
wire of the microscope eye-piece is taken for various loads, and thu.s the 
depression of the centre of the rod is measured. Or the scale may move 
over a fixed vernier and its depression may thus be measured with a fair 
degree of accuracy. 

Expt. 49. Determination of Young’s Modulus for a Beam.—Apply 
various loads on the scale-pan or hook and note the corresponding 
positions of the centre of the beam. Increase the load by equal amounts, 
taking six or eight observations botli with increasing and with decreasing 
loads : the maximum load applied should be approaching the highe.st load 
which the beam can carry in safety, but should not exceed this amount. 

Tabulate your observations as in finding Young’s Modulus for a 
wire and find* the mean depression »/ for a load \V by the metliod de¬ 
scribed therein for determining the elongation for 6 kgm. 

Measure the length of the beam between tho knife-edges ; also the 
breadth and thickness of the beam. 

Let these be L, 6. and d respectively. Then it can bo shown that/or a har 
of rectangular section, the relation between the depression of tho centre y, the 
load W, and tho dimensions of tho beam is givon by 

_ WL3 

where E is Young’s Modulus for the material of the beam. 


i A- 1 

Beam on tufO supports A&3 
Fio. 60.—YouDg’s Moduhw for a Beam 



92 


A TEXT-BOOK OK PRACTICAL PHYSICS 


PT. J 


(. aiculato Young's Modulus from the expression 

WL’ 

^ 4bd^y- 

A, an al.ornalive n.ctho.l of working out tho ohaerr-ntiona. tho dopresaiona 

«/,. corresponding^%ytlHoa(ls M U j, U 3, 

etc., nmy he olituined, and tho mean of tho quotients etc., taken 

r 

ns tho moan value for 

\\ 

This is substituted for ^ in the expression 

^ ^ L> /W\ 

(. i/)’ 

nn<Mho^\ahie and tho otlier quantities on tho right-lmnd side 

of tlie equation in centimetres. 

As luklitional exercises on this t->-po of experiment the following are 
suggested :— 

Exit. i^O. For a given load the depression of the centre of a beam 

varies directly as the cube of its length. , , v _i:.,„ 

This is shown bv finding 1 / for the same load when the stipporting 

knife-edges are at dilTerent distances apart. If the depressions are 

7 i. i/j* ‘■dc., for distances apart equal to L,. I.» 2 . Lj. the \Alues of 

. etc., should all be equal. Tho load must be acting at tho point 
ini<lw"ay between tho knife-edges in each ca.se. 

Expt 51 The stiffness of a rectangular beam varies directly as its 
breadth and directly as the cube of its thictoess (depth). 

Find »/ for the same loail exerted on the same beam with the knife- 
edges kept at a constant distance, but with the beam resting first on the 
‘ flat ’ side and then on the ‘ edge ’. In the fii-st case tlie flat side is tho 
breadth (6) aiul the edge is tho depth (d), these quantities being mter- 

changed in the second ca.sc. 

Show that has the same value in the two cases. 


YOUNG’S MODULUS FOR A CANTILEVER 

A Cantilever is a loaded beam fixed horizontally at one end^. 

If a cantilever has a loatl W su.spended at the extreme end, the depres- 

sion y of the end is given by the 
equation 

4WL3 

if the beam is of rectangular section. 

Cantilever Expt. 62. Determination of 

Pio. 01 . _YouDg’s Modulus for n Cantilever Young’s Modulus for a Cantilever. 

—Clamp one end of a metre scale 
to the top of a table so that the metro sc.ale extends horizontally about 
90 cm. beyond the table edge. Place various loads at the extreme end 
of the scale and measure the <lepre.ssion of this end for each of the loads 
applieil. One of the methoils already described for a beam on two sup¬ 
ports may be used for this measurement. Measure the length of the 
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beam Ihc taljlr*. an<l also its l)i-ea<ltli and thickness. Ih^duoe tlie 

\aluo of Young's M4 hIiiIiis. K, for tlio inatciial (usuall\- boxwood) by 
iiu'ans of the «-(|uation above. 


§ 3. Modulus of Rigidity 

MODULUS OF RIGIDITY FOR A MATERIAL IN THE FORM 

OF A CYLINDRICAL WIRE 


The ^Modulus of Rigidity has been defined earlier in tlie chapter, 
taking the case of a liloik fixed at tlie base and subjected to a tangential 
shearing force F distributed over its upper face. It is impossible, 
however, to determine the Modulus of Rigidity of any material (except 
india-rubber) in this way, as the deformation d produced by any 
practicable force F would 


be too small to measure. 

Twisting a Wire .—When 
a couple is applied to one 
end of a wire, the other end 
lieing kept fixed, the wire 
is twisted through an angle 
whicli is ])rop<irtional to the 
twisting couple applied. 

The wire may be con¬ 
sidered as consisting of a 
number of thin concentric 
cylindrical layers. Each of 

tiie.se is in a state of shear when the wire is twisted. Thus a layer of 
particles originally along AB is displaced into the dotted line A'B, 
when the upper end is twisted through the angle 9 (Fig. G2). 

If the cylindrical layer could be spread out flat, it would form a 
rectangular sheet when the wire was not t^\^sted, but its shajie when 
the twist was produced would be as shown dotted (A'BBA'). 

The relation between the angle of twist, the dimensions of the 
wire, and the twisting couple may be expressed by saying that to twist 
a wire J cm. long and of a cm. radius through an angle 9 radians requires 
a couple C, given by Tma*Q 



2rr 



B 


Cytindrica! layer 
spread out flat 


B 




Fio. 02.—TwisMiig .1 Wire 


where n is the Modulus of Rigidity of the wire. 

In general, we measure the twist in degrees. Let the twist in the 

length I be 


Then 


9 radians x 





Thus 
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APPARATUS FOR DETERMINING THE MODULUS OF 

rigidity of a wire by twisting it 

The wire mav be fixed either vertically (Figs. 63 and 64) or horizontally 
(Fig. 65). One end A U clamped rigidly to the supporting framework (not 



KUJ. 03.—.MmhiJiis of Rigidity W.—Mo<1ij1u3 of lUgidity 

Apparatus with Movable PoliiU-r Apparatus with Fixed Pointer 



completely shown), and the other, passing through a suitable bearing to 
keep it steady, is clamped to the middle of a pulley B. A pointer C on the 
wire moves over a scale of degrees mounted near to the pulley end of the 
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wire, and by its means the twist produced in (hat part of the wire beliveen 
(he pointer and (he fixed end tn- couples exerted on the pulley can be meas¬ 
ured readily; sometimes the scale of degrees is mounted on the pullev, 
and a fixed pointer is used (Fig. (i4). 

'J'he couple applied to twist the wire is exerted by weights suspended 
from cords which wrap round the pulle\'. as sliown in the diagrams. It is 
preferable to use two equal forces, acting along |>arallel lines in opposite 
directions, so that there is no ‘ side pull ’ on the wire, though in the case 
where tlie wire is fitted horizontjilly the usual method is to use a single 
force only, as shown. The effect of ‘side pull ’ is to introiluce fi-iction 
between the bearing and the wire, which impedes .somewhat the free 
turning of the wire under the t«-isting couple. 

The twisting couple exerted on the wire by equal masses hanging 
from cords passing round the i)ulle;»' of diameter D is given by 

If a .single cortl is u-seil, 

^ 2 * 

Wo have seen already that 

' “ 360 /^ ’ 


therefore, considei'ing the case where the pulley is fitted with two cords 
carrying equal masses AI, wo liave 


^Vllence 


_ ■jT^a*n,, 

= 3607 


n = 


360lgD/U 


-) 


If a single cord is fixed to the pulley and carries the loa<l M, 

^ 2 360/ ^ ’ 


and 


n 


1 80l(jD / M\ 

if*a* 


Expt. 53. Determination of the Modulus of Rigidity of a Wire.—Note 
the zero reading of the pointer C, or the reading of the pointer on the 
scale of degrees when the wire is subjected to no twisting couple. Attach 
various loatls to the cords and note the corresponding twists produced. 
The load should be increu.sctl in equal steps up to the largest used. If 
the pulley is twisted by two cords, the loads attached to the cords should 
be equal. Take the readings of the angle of twist as the couple is being 
increased, and again for the same values of the couple when the loads 
are being removed. 

If the observations taken with the couple decreasing do not corre¬ 
spond with tlio.so taken when the couple was being increased, the rod 
has either been twisted beyond the elastic limit, or else the clamps do 
not grip the rod sufficiently firmly and the rod has turned a little in 
the clamps. 

Tliese results should be discarded and a new series taken, using a 
smaller maximum load, the maximum being leduce^l to such a value 
that the two sets of readings are identical (w'ithin limits of experimental 
error). 

Measure the diameter of the pulley B, the radius of the wire twisted, 
and the distance AC between the fixed end of the wire and the pointer. 
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Tahulate the observations as shown below : 


1 

1 

TwiHt la dc^f^cos j 



Load on (oach) | 
C<ird 

1 

- 1 

Moan 


M hicreiuiriK 1 

i 

M dlmioidtilus 





1 

1 

1 


Length of wire from A to C = / = 
Radius of wire (mean of 4)s a = 
Diameter of pulley B = D = 


Mean 



• • # cm. 
. . . cm. 
. . . cm. 


If preferred, the moan value of correspondinR with an mcre^o m 
the suspended masses equal to M can be found m the manner detailed m 

the detennination of Young's Modulus for a wire. 

Substitute the mean value of M/^ m the appropriate equation given 

above for n and calculate the value of n. r * • * jo 

Plot a graph showing tho way m which the angle of twist <ft \arics, 

as M is increased. 


CALIBRATION OF A SPRING AND METHOD OF USING A 
CALIBRATED SPRING AS A BALANCE 

Hooke’s law, that tension is proportional to extension, holds 
generally, even where the strain imposed on a body is not so simple 

as the strains in the cases just considered. 

A typical case is offered by a spiral spring subjected to a tension 
along the axis of the spiral, the movement of the index along the scale 
(indicating the elongation of the spring) being accurately proportional 
to the applied force. 

The object of the present experiment is to calibrate a Spring 
Balance ; that is, for any point on the scale to determine the force 
required to elongate the spring till the index is at that point. The 
axis of the spring is vertical and the force is due to a load at its 
lower end. 

Expt. 64. Calibration of a Spring Balance.—The apparatus employed 
usually consists of a frame of wood or metal to one end of which is 
attached the end of a spiral spring. At the other end of the spring is an 
index which moves freely over, and just in contact with, a scale screwed 
to the frame. A small scale-pan is hung at the end of a wire attached 
to the end of the spring. 


I 
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Fix tlio framework so that the spririp and scale arc vertical, with the 
iiulcx jvist touchinir tlie scale, anil note tin? /.ero rea<ling, that is tho 
reniling when no load is appliotl to the spring. 

'Phen take a series of readings of the posit ion of (he iialex for gradually 
increasing loads and tahulati* the results. 

He carofid not to exceetl the elastic limit ; the spring rnu.st never ho 
stretched to such an extent as to bring the index beyond the scale, for 
the length of the scale U usually arranged to give almost the maximum 
motion allowable. 

Tho results of tho observations must now be plotteil on sijuored 
paper, taking tho load as abscissa and tho scale reatling as ordinate. 
The graph shoiild be drawn on as large a scale as possible. 

If the strain bo exactly proportional to tho load, the points shotiUl 
lie on a straight line. Draw a straight line passing between tho observed 

points. 1 1 !,-• 1 

The graph may now be u.seil to determine an unknown loatl. fiiul 

the extension which the loa<l produces when attached to the sjjring, and 
road off from the graph the loa<l corresponding to the observed scale 

reading. 

A spiral spring of this type may serve many useful purposes in 
experimental work. When constructed of suitable material and of 
dimensions adajited for the purpose in view, it can give results of 
considerable accuracy with careful manipulation. It may be used in 
finding tlie energy stored in an elastic body (Expt. 55), in the deter¬ 
mination of surface tension, in dynamical experiments on oscillating 
systems (Expt. 70), or in the construction of a simple attracted-iron 

ammeter (Expt. 221). 


In one modification of tho apparatus (the Jolly balance) it is the upper 
end of the spring which is raised by suitable mecliani.srn controlled by the 
observer until lie finds that a pointer attached to the lower one of the 
spring return.s to a fixed index line. Tho distance tho top is raised can be 
read on tho scale of the instrument. Tho fixed reference line may be a 
liorizontal circle traced on the inside of a glass tube through which the 
pointer pa.sses. This pointer may be a horizontal line traced on a small 
plate attached to tlie bottom of the spring. The scale-pan hangs lower 
down within easy reach of the experimenter. 


§4. The Energy of a Strained Body 

If a body is deformed by a force, the force producing the deforma¬ 
tion has acted through a certain distance. A certain amount of work 
lias thus been done on the body by the force ; this work is stored up 
in the body as Strain Energy. The C.G.S. unit of work is the Erg, 
which is defined as the work done when a force of 1 dyne moves its 

point of application through 1 cm. 

Wlien a wire is stretclied I cm. by a force F dynes applied gently, it 
might appear at first sight that the force F acts through the whole 
distance I, and that therefore an amount of work equal to ¥l ergs 
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slionl.l be stort-a in tlie wire clue to its strained condition. Actually, 
however, the full force F docs not act on the wire until the full elonga¬ 
tion I has been i)roduced ; it is applied gently to the wire, and at first the 
major part of the force is supported by the experimenter, and only a 

small fraction is allowed to act on the w'ire. As 
the wire stretches, the experimenter takes less 
and less of the force, allowing a continually 
increasing proportion to be supported by the 
wire until eventually the wire supports the 
whole force and is elongated the full amount 1. 

While the force F has been acting, it has 
certainly clone an amount of work equal to ¥l 
ergs, but part of this has been taken by the 
experimenter in allowing the force to come into 
action gently, only a portion of the total work 
Yl having been done on the wire. Actually, 
half the total energy ¥l is absorbed by each. 

Consider the work done by a variable force / whose magnitude 
changes with the displacement of its point of application in the 
manner shown in the curve (Fig. 66). This curve is drawn irregular of 
set purpose so that the result obtained from its consideration may be 

taken as true generally. 

When the point of application is at A, the force has a certain magni¬ 
tude= AC ; in moving its point of application to B, the force increases 
to a value = BD, its average value during the displacement being equal 

to some quantity7 (called ‘ / bar ’). If AB is very small, (ap¬ 

proximately). The work done in this displacement is very nearly equal 
to AB, and is represented by ABCD, the 
area under the curve between the ordinates 
considered. 

The work done in any other displacement 
would similarly be equal to the corresponding 
area under the curve, and hence the total work 

done by the force up to any displacement is _ 

equal to the area under the curve from the or.-soalrEMrBy m 

origin to the ordinate at the point considered. a wire 

This rule is true for any force-displacement diagram, however the force 
may vary. 

In dealing with strains, the force producing an elongation is pro¬ 
portional to the elongation produced, hence the ideal force-displacement 
curve is a straight line. The area under the curve up to the ordinate 
corresponding with any given displacement is triangular; its area is 
iF/ (Fig. 67). 
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Hence the Strain Energy in a wire when a force F causes an elonga¬ 
tion / cm. is equal to iF/. 

If E represents the strain energy in the wire, 


E = JE/ = i stretching force x elongation. 

It is impossible to piove by simple experiment that E = AF/ in the 
case of an ordinary straiglit wire, but with a spiral spring the truth of 
this statement can be demonstrated without difficulty- 


The Energy stored in a spiral spring is equal to half the product of 

the force it exerts and its elongation 

Steady Application of a Force.—Allow a ma.ss M, to hang from a wire 
spring, letting its weight come into action gradually upon the wii'o : a 
steady elongation is produced equal to li (say). The force now exerted by 
the spring is some force F„ wliich is equal to M,i/, since tlio inas.s ixMiiains 
motionless at the end of the spring. 

W’e \^'ish to show tliat the energy now stored in the spring as Strain 

Energy is given by Ej = 

Sudden Application of a Force.—Suppo.so we allow a mivss Mj to rest 
lightly at the end of a spring which is entirely unstrainc<l, tlie mass M* 
being* supported by a small platform. If the platform is now removed 
quite suddenly, the whole of the weight of the mass Mj comes into action 
on the spring* As the spring stretches, the Potential Energy lost by the 
falling mass is partly converted into Kinetic Energy of the mass and partly 
is stored in the spring as Strain Energy. After moving some distance the 
mass begins to slacken in its fall, and eventually comes to rest momentarily 

after falling some distance ... 

It now has no Kinetic Energy, and therefore at the instant when the mass 
first comes to rest, the whole of the Potential Energy it has lost in falling is stored m 

the spring as Strain Energy. . , m i 

The Potential Energy lost by the mass in falling this distance is 
and we know, therefore, that when the spring is stretched a distance h, 
the amount of strain energy stored in the spring is ergs. 

If we so adjust this ma.ss that its sudden fall produces a maximum 
elongation equal to that produced by a mass Mt applied steadily, we can 
test the truth of the equation E = iF/ quite easily, for, writing / for or 
these being equal, the energy m the spring (E,) is and the tension m 

the spring is F, = M, 17 . H therefore we have verified experi¬ 

mentally that the energy of a strained body elongatetl an amount / by a 
force F is equal to XFf. 


Exi*t 55 Determination of the Energy of a Spiral Spring.—Remove 
the scale'pan from a spiral spring. {If the scale-pan is not removed its 
mass must be included in both M, and M^.] Apply a load sufficient to 
stretch the spring nearly to the end of the scale when applied gently. 

Note the steady elongation and the mass used, M,. 

Adjust another load, so that when it i.s allowed to drop suddenly 
from a point where the spring is just not supporting it. the fin^t t‘uddcn 
elongation of the spring may be equal to the steaily elongation produced 

Repeat these observations for several different elongations. 
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Arf*aiiu<* j'onr obscTsulions in tabulnr form thus 


FT. I 


Kli »iik*at ioii. , 

1 Load r»'4|iiin*il U> pr<HJuct* it I 

t 

M, 

M, 

1 

t 

fjn. 

(ri) Appli^'d steadily, . 
M, ^ti\. \\t. 

ib) Appiu'd suddenly, | 
31 1 Bin. wi. j 

10 3 

107 

52 

0-480 

s--i 

87 

45 

0-517 

O-.l 

07 

33 

0-403 

40 

47 

25 

0-532 

2 »i 

27 

1 

•15 

0-555 


It will he found that M^/Mj is upproxiinatoly equal to the aectiracy being 
iiiui 1 1 less with tlio smaller masses and elongations than with the larger* tnving 
lu the rehtivehf larger value of the errors of ohser\'ation. The possible errors in 
readiiiir heina prac*tieally the same throughout, tliey will have a greater propor- 
(tonal \ ahie in the eases where tlie total (|uantities to V>e measured are snudler. 

'Phus siix'o is foutul to lie ocjual to 0*5 (within limits of experimental 

error), this experiment verities the statement that E= iFb 
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§ 1. The Laws of Motion 

Up to the present we have heon concerned mainly with matter at rest, 
or, when we have allowed motion to take place, we have studied the 
results of tlie motion rather than the motion itself. In the division 
of the subject known as Dynamics, we are concerned with the motion 
itself, as well as ^^^th the forces producing the motion and the mass 
moved. 

The idea of force is derived from the sensations we experience in 
connection with muscular action. Newton's First Law of Motion is 
sometime.? regarded as equivalent to a definition of Force as that 
which tends to change the state of rest or uniform motion of a material 

body. 

Practically the whole of Dynamics may be said to be an application, 
more or less direct, of Newton’s Second Law of Motion, or a study of 
one or other of the cjuantities mentioned in that law. 


NEWTON'S SECOND LAW OF MOTION 

The change in the quantity of motion possessed by a body when 
under the action of a force is proportional to the magnitude of the force 
and to the time during which it acts : it takes place in the direction of 

action of the force. 

Quantity of Motion, or Momentum.—The quantity of motion pos¬ 
sessed by a body is now caUed the Momentum of the body ; it is defined 
as the Mass of the body multiplied by its Velocity. 

The Momentum of a body possesses direction and sense as well as 
magnitude, so that Momentum is a Vector quantity. 

The second law may be rewritten as Rate of Change of Momentum 
is proportional to Force. 
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\Vc define our Force unit to be such that Unit Force produces unit 
rate of change of momentum, or 

Force = Rate of Change of Momentum. 

Now if a force acts on a liody of constant mass the Momentum 
change is due solely to the resulting change of Velocity. Hence 

Force = Mass x Rate of Change of Velocity, 

t)r finally 

Force = Mass x Acceleration. 

The C.O.S. \niit of force is called one dyne, the M.K.S. unit one 
newton (p. 2 and p. 76). 


THE PRINCIPLE OF THE CONSERVATION OF MOMENTUM 

If two bodies A and B come under the action of each other so 
that the motion of B is changed due to the action of A, and vice versa, 
these two bodies are said to have been in Collision : they need not 
necessarily have come into physical contact with each other. 

The Principle of the Conservation of Momentum states that: In 
any collision, there is, on the whole, neither gain nor loss of momentum. 
This principle is in accordance with Newton’s Third Law of Motion 
that Action and Reaction are ecpial and opposite. We shall deal here 
with its experimental illustration, limiting ourselves to experiments 
dealing with actual pliysical contact, and to bodies moving in one 
straiglit line. 

In considering the total momentum of the moving bodies, their 
directions of motion as well as tlie magnitudes of their momenta must 
be taken into account. Thus if two bodies are moving with velocities 
I’j and t ’2 along the same straight line, one moving to the riglit and the 
other to the left, one of the bodies has a positive, the other a negative 
momentum, the total momentum being the algebraic sum of the 
momenta possessed by the two bodies. It is immaterial which direction 
is considered positive so long as this convention, once made, is adhered 
to during the whole of one experiment. 

Consider a collision between two masses and moving along 
the same straight line with velocities Oj and respectively. Their 
velocities after collision may be indicated by and V 2 '. The principle 
of the conservation of momentum states that 

Total Momentum before = Total Momentum after impact, 
or miVx + m^Vi — ntiV^' + m 2 Vi y 

tlie velocities being reckoned positive in one direction and negative in 
the other. 
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THE BALLISTIC BALANCE 

TJiis apparatus (Fig. GS) is designed for tl)c experiinentnl ilhistration 
of the principle of the cons.orvation of inoinentmn. It is very dinicult 
to satisfy the ideal conditions re<piired h\’ theory. 

Two scale-pans, usually of wootl. are s\isj)ended by sets of cords in such 
a way that the},- move over the arc of a circle of large radixis. The sxispend- 




FIQ. 60.—Motion ofScalc-paii 


ing cords shotdd bo so arranged that tlie scale-pans liave no motion of 
rotation a.s they swing, their upper surfaces remaining horhonlal in all 
position.s (Fig. 09). 

Ill one form, the scale-pnn.s are supplied with pointers which move 
over n scale stretching horizontally across the base of the apparatus, the 
pointers being clear of, but close to, the scale. 

Exrr. 5G. The Ballistic Balance.—By placing known masses on the 
tw’o pans, the total mass in motion can be altered in various ways. 
Strictly any added mass should bo rigidly attached to its scale-pan. If 
this is not pos.sible the masses added should always be placed close to 
the ledge which is fitted at the ‘ front ’ of each scale-pan, otherwise they 
w’ill slide about when the pans collide, and this will diminish the accuracy 
of the re.sult. In computing the masses of the moving systems, m, and 
m,, the masses of the scale-pans must be taken into account. 

If one scale-pan is drawn aside through a known distance and then 
released it will return to its equilibrium position with a velocity that is 
proportional to the initial horizontal displacement. The proof of this 

statement will be given later. j . , ^ ^ 

When the first scale-pan strikes the second (supposed to be at rest 

at the stnrt) the velocity of each pan will be altered. 

It is necessary to determine the velocity of each pan after the blow 
by ob.serving the horizontal distance through which it travels ; the 
horizontal distances may indeed be taken as the actual velocities m 
some arbitrary units not specified. As it is impossible to watch both 
pointers at tlie .same time, it is necessary to repeat each experiment a 
number of times, noticing in one set of experiments the maximum 
horizontal displacement (after collision) of the first pointer, and in tho 
other set the maximum displacement (after collision) of the other : the 
initial displacement and the masses must of course be made the same 

each time. 
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Tabulate tlio results in the following nmimer :— 
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i 

i 
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Since tlio muss vu was at rest at first, t’j is zero. The third column 
w r, thus iejues<-nts the total initial momentum, and the tenth column 
fair!' ( aiji-,' is th<‘ total moinentuin after collision. 

i:\i>iess the rlitTerence between these columns as a percentage of either, 
anti enter tliis in the last column as the ifcrcentage error of each set of 

obs(M-\'ations. . ,. « *• 

In the ideal case the two botiies must have motions of pure translation 

along the lino joining their centres of mass, and the impact must take place 
on this line. Since the adilition of an e.\tra ma.s.s to a .scale-pan alters the 
position i>f the centre of mass, it is better to make very careful observations 
with a small number of ma.ssc.s. 


In the typo of apparntu.s where n clip is supplied which locks the two scale- 
pans together after collisitjn, the two move on with u common velocity, and 
= In this form the pointers can be dispensed with, an<l tlie scalo-pans 

can bo ina<lo to move a .small rider along a bar of wood to indicate the first maxi¬ 
mum liorizontal (lisplaccment of the ino mo.sses after collision. 

In this case the table of observations is .somewhat simplified, as is also the 
taking of the observations and the experiment generally. 


j Hefiirc Impirt 

Aflir Impact i 

1 

1 

Percentage 

Error 

1 

Mam, 

mj 

1 

Vi|r>r|ty, 

Ti>(al ! 

Monirntuin, i 
w,i*i 

Combined j 

mi + ms 1 

Comnion 1 
Velocity, , 

ti' 

Combined ! 
Momentum, : 

L - 


i 

i 

1 

f 




The last column in this case is the difference between the tlnrcl and sixth 
columns expressed as a percentage of either. 

Proof that the velocity in equilibrium position is proportional to the 
horizontal displacement.—Suppose the mass m to be displaced from its equilibrium 
position A to a point B along the arc AB : the point of support is the point O 
(Fig. 70), and the radius of the arc is OB= R. 

In moving from B back to A. A loses an amount of potential energy =mpA. 
It possesses at A a velocity v in the direction shown, ita kinetic energy at A being 
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thf' result of the potential energy lost from H to A. Henre or 

!'• is proportional to /o 

Now OB^r. + or (K -/O’ + BC*. whenre 2R^ = /*2 + BC% 

Now BC is large compared with h, and to a close degree of accuracy* can 
bo neglected compared with BC® : A® is rarely equal to 
1% of BC®. 

Hence vert/ closely we may say that 

BC®=2B/i, 

BC® is proportional to A. 

Now c® and BC® are both proportional to A, hence v 
must bo proportional to BC* so that the velocity as the 
body passes through its equilibrium position is propor¬ 
tional to the original horizontal <lisplacernent lh(\ 

It may bo shown, by reversing the proof, that the 
horizontal distance to which a body will swing after 
leaving its ecjnilihrium position is proportional to the 
velocity it possessed when in its equilibrium position, 
or the velocities after collision are proportional to 
the maxinuirn horizontal displacements reached after 
colliding. 

The importance of ensuring that there is no motion 
of rotation of the scale-pans will be seen from the above proof. If there were 
morion of rotation, the potential energy at B would not appear entirely as 
linear kinetic energy at A but would partly exist as kinetic energy of rotation. 
Hence the statement \mv^^mgh would be untrue and the proof invalid. 

The way in which motion of rotation is prevented will be seen from Fig. 69. 



Fio. 70.—Volociry in 
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§2. Methods employed for the Experimental Illustration 

OF the Second Law of Motion 

If a body move with a constant acceleration a, tlie distance tlirough 
which it moves in a time t is given by the equation 

S~Vot + lat^y 

where Vq is the initial velocity of the body. 

If the body is initially at rest, Vq is zero and we have 

s = lat^i when the initial velocity is zero. 

The velocity at the end of any time i is given by 

v — Vq + aty 

which reduces to 

^=.aty when the initial velocity is zero. 

These equations are absolute ; they are derived from the definitions 
of the various quantities involved, arid cannot be verified by experiment. 
They may be used to determine whether a body is moving with uniform 
acceleration or not. Thus, if the distance 5 moved over by a body in 

time i starting from rest obeys the law ^2 = a constant, that body is 

moving with uniform acceleration, and the value of the acceleration is 

tivice the value of the constant obtaineil, for 

25 

a — - 2 -. 
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As on example of the use of these equations, the case of a body 
follin*; freely under its own weight may be taken. Any body, if allowed 
to drop (pute freely towards the earth, will describe in a time t from the 
start a distance s which is proportional to Thus in the first second 
it will fall o metres approximately, while in the first two seconds it 
falls 20 metres. Thus .s/r^ = 5 approximately for any body falling freely 
under its own weight, starting from rest, that is the acceleration due to 
gravity is the same for all bodies and is equal approximately to 10 metres 
per sec. per sec.—more accurately this acceleration is 9-81 metres per 
sec. i)er sec. in the British Isles. 

Now from the second law of motion we define the unit of force in 
the (’.(l.S, system to be such that 

Force in dynes = Mass in gm, x Acceleration produced (in cm. per 
sec. per sec.). 

If we denote the acceleration due to gravity by the symbol g, in 
cm. j)cr sec. per sec. when dealing with C.G.S. quantities, we have 


Force in dynes acting oni 
,1 1 ‘ / 11 - r I }’=Mass in gm. X 5 ^. 

a body wlien falling freely/ ° 

Now the force in dynes acting on a falling body is its Weight. Hence 


Tlie Weight ! jTlie Mass of) fThe acceleration due to 
of a bod 3 ' in - = the body in x - gravity in cm. per sec. 
dynes J igrn. J Ipersec. 

In the M.K.S. system the Weight of the body is in newtons, the 
Mass in kgm., and the acceleration in metres per sec. per sec. The 
newton = 10^ dynes. 

If W indicate the weight in dj'nes, of a body having a mass m 
gra., wo have 


g being 981 cm. per sec. per sec. in the British Isles. 

The simplest way'of obtaining a uniform force is by suspending known 
masses from light cords, passing the cords over pulleys in order to direct 
the action of the force in any desired direction. The force acting along 
tlie cord in dynes is equal to the mass of the suspended body in gm. 
multiplied by g, the acceleration due to gravity in cm. per sec. per sec. 


§ 3. Experiments to illustrate the Second Law of Motion 

FLETCHER’S TROLLEY APPARATUS 

W. C. Fletcher, Fellow of St. John’s College, Cambridge, was appointed 
Headmaster of Liverpool Institute in 1896. 
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In this apparatus (Fip. 71), a trolley is mounted on very light wheels 
so as to move in an almost frictionless manner along a horizontal table. 
To it is attached a cord which, pa.ssing o^•er a pulley mounted at the edge 
of the table, carries a small .suspen<lo<i mass. By hanging clifTerent ma.sses 
from the cord, the trolley can he subjected to various force.s, and its 
motion under these forces con be studietl ; the mass moved can also bo 
varied by placing known ina.sses in the holes in the side of the trolley. 

The method of recording the distance moved through, and the time 
taken for this motion, i.s intere.sting. A long spring is mounted in a firm 
clamp and carries a light brush at the free end. Fixed on the trolley is a 
sheet of paper whicli i.s touched lightly by the brush. When tho trolley 


5 per 



Fio. 71.—FJeUher's Trolley Apparatus (Cussou’s) 


is set in motion, the same mechanism which releases it set.s the long spring 
in vibration, and a wavy trace is drawn on the paper, tho brush liavmg 

been moistened with ink. • * * r *i 

The time taken to make a complete vibration is constant lor the spring, 

and tlierefore tho number of complete vibrations made between two given 

points may bo taken as a measure of the time taken to move from one 

taking the* distances travelled from the start, during the time taken 

to make different numbers of vibrations, it is possible to find from the wavy 

trace if the relation «//* is constant. , , . n j i 

The Mass moved is the sum of the masses of the trolley, cord, and 

hanging mass, together with a small quantity which may be called the 
equivalent mass of the pulley, and another smaU quarjtity. t he equivalent 
mass of the wheels. The trolley is usually sufficiently maasive for these 

other ma.sses to be neglected. ; *i 

The Force acting is evidently the weight of the hanging mass, plus the 
weight of that part of the cord which is hanging over the pul ey. In order 
to reduce the error due to the weight of the cord, an extremely fine, strong 
line (fishing-line) should be used, so that its weight is negligible compared 
with that of the hanging mass. Its effect may be allowed for, if necessary, 
bv adding to the weight of the suspended mass a quantity equal to the 
weight of the average length of the coni hanging beyond the pulley. 

Acceleratior^produced.—The quotient «//» will be found constant, 
therefore the trolley is moving with constant acceleration, the value of this 

acceleration^be^ngj required, the units in which the time is 

measured'may be taken as the time for one vibration of tlie .spring. 

For absolute results, the period of vibration of the spring must be known 
in order that the accelerations may be calculated m cm. per sec. per sec. 

The period of vibration i.s usually stamped on the spring, having been 
determined by the maker of the apparatus, and this marked period may 
bf usJd for this purpose. The spring seldom makes a sufficient number of 
vibrations for thl period to be checked by simple means, and the calibration 
made by the maker ha.s to be accepted : this constitutes a serious drawback 
to this method of timing when absolute r^u ts are required 
A method of finding the acceleration is desciibed on p. 121. 
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Experiments with Fletcher's Trolley Apparatus 

Kxpt. r>T. Acceleration is proportional to Force.—Fix n sheet of 
iiapc'r oil the tiolloy mul attach small rnoyies 10. 20. 30, 40 grn., etc., 
to the eoi'H ol)taiihuj; traces for the motion of the trolley under tho 
nrti.ai of viich force. It is interesting to get all the traces on the 
.siuiir slK'ct of paper, starting from the same point in each case. 

The mass moved is approximately the same in each case, being altered 
oiilv )>\' the change in the hanging mass. 

The forces acting are proportional to the hanpng masses in the various cases. 

Show (a) that the distaticc.s travelled in equal time.s are proportional 
to tlie suspi'iiiled musses ; {h) that for each case 2s//* is a constant, and 
tliat flic values of the constants in tho different cases are proportional 
to till' suspendi'd masses used. 

Friction Correction.— It is necessary to eliminate or neutralise tho 
friction forces if nceuracN' is to bo obtained. To do this a small mass 
is suspen<l(*<i from the cord, and adjusted until tho trolley just cori- 
tinui's to move when once started. The weiglit of this .small mass is 
tlu n just suflieient to overcome the friction of the appnratu.s for the 
pnrlic'i/nr load on (he IroHaj. A piece of copper wire is a very convenient 
form of ‘ friction rider ‘ : it should bo twi.sted to tho cord and cut to 
the reijuircd length with wire-cutters. 

Exit. 58. The Acceleration under a given Force is Inversely propor¬ 
tional to the Mass moved.—L’.sing tho same lianging mass each time, 
place different masso.s on the trolley, obtaining separate traces for each 
mass used, (■nloulato the \alue for the acceleration of each ma.ss when 
under the action of this constant force, and show that 

Mu.s.s moved x Acceleration 


is ooiisfant : or For a given force, acceleration is inversely proportional 
to the inas.s moved. 

In this experiment the equivalent mn.s.ses of tlic pullej' and wheels 
may be included if known, though, in general, they may be neglected. 

Let M = nuvss of trolley and loa<l placed on it, 
m = ma.ss of lianging weight, 
x = equivalent mass of pulley, 
and y = equivalent mass of wheels. 

Total mn.s.s moved is taken as +wi -fx 

IsfoTK.—It is possible to calculate a value for the acceleration due to 
gravit^' fi-oin the observations already ma<le. provided the acceleration 
2s//* has been calculateil in cm. per sec. per sec. Thus in any case taken, 
-4 in {2s//*). .since the force is the weight of the hanging 

ma.ss : hence r/ can be calculated. 

'I’he method i.s not, how<*ver, a good one for this purpose on account 
of tho fact that tho quantities x and y are not accurately known, and also 
on account of the difficulty in measuring / already discussed. 

Another method of using the apparatus is to place tho trolley on a plane 
inclined at an angle 6 to the horizontal. In this case the force tending to 
produce motion along the plane is ing - (M +y)g sin $. 


ATWOOD’S MACHINE 

Tliis is an apparatus more widely known than Fletcher’s Trolley 
Apparatu.s, and one of great historic interest. It was designed by 
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Atwood (174()-1S07), a I'lijilish matlieniatician, for tlu' jun- 

jio.se of illustrating the laws of motion, and for the determination of 
the acceleration due to gravity. In it, the weight of a small riiler is 
compelled to move two much larger masses which, susjjended at 
opposite ends of a cord moving over a pulley, counterpoise each other 
exactly. The weight of tlie small rider causes only a very small 


acceleration in the moving mas.ses, since the 
total mass set in motion is large. Hence this 
acceleration can be measured with much greater 
accuracy than the acceleration the rider would 
have if falling freely* alone. 

Atwood’s Machine : Pillar Tjrpe.—The two ecpial 
masses A and 13 are suspended from a cord. The 
cord passes over a pulle\' \\’ supported on tine 
bearings at the top of a pillar from 2 to 2-5 metres 
in length. Attached beneath A anil B there ma\' be 
a compensating cord of the same ts’pe jus the sus- 
j>ending cord ; this keeps the mosses of string on 
the two sides of tlie machine accurately balanced 
whatever the positions of tho mas.ses A ami B : 
it is, however, inconvenient in practice, and is 
rarely useiL The mass A carries a small rider 
whicii can be slipped on over the string, so that 
the only unbalanced force in the whole .system is 
the weight of this small rirler. 

To perform the experiment, B is fixed lightly 
in tlio clip, so that the top of A is level with a 
known mark on the scale. The ring C is adjusted 
to some convenient di.stunce below this zero position 
of A, so that A will travei-se a known ilistunco 
under the action of the weight of the rider. A 
stop-watch is started and simultaneously the clip 
i.s opened, thereby releasing B witli no initial 
velocity. When the rider on A is heard to sti-ike 
the ring C, the watch is stopped, and thus the time 
t required to travei'se a known lii.stance s i.s deter¬ 
mined. 

Another method of making the experiment is to 
use a metronome, and to adjust the distance so that 
the time of fall occupies an exact number of beats rio. 72.—Atwood’s Machine 
of the metronome. 

In some forms of rnacliine a pneumatic release 
is fitted to the clip ; in othei-s the clip is replaced by a small electromagnet, 
and the mass B is held magnetically, iron masses (A and B) being used. 
All tvpes of release are equally good provided B is released without any 
vertical motion, though simplicity in use and construction is generally 
associated with certainty of action, and therefore is to be recommended. 



Experiments with Atwood’s Machine 

Expt 59 A Body moving under the Action of a Uniform Force moves 
with Uni^rm Acceleration.—Place a small piece of copper wire on tlio 
mass A adjusting its size so that the masses just continue m motion 
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vUUotil other rnUr gently started. Then the weight of this piece 

c.f c<.pp<-'- 'vire jnst o\( rcomes the friction of the maclune — it is called 

tlie ■ friction rider ’ and i.n kept on A all the time. 

Adjust the ring C to ditTerent positions, so that the masses move 
tl.rough distances of oO. 100, 150, and 200 cm. under the action of the 

viu iiJiis riders. ■ • 

Kind the times taken for the masses to move through these various 

distances, when under the action of riders of different weights (say 2 
4 gin,, 0 gm., oted* least three values oj t should be taken for each 

distance, and each rider, tesed. , i t *i *. 

Fiiul the cjxiotients 2«,Y® for each set of observations, and show tfiat 

for a qiren rider 'ZsH^ is constant. 

Tliat Ls, when acted on by a constant force, a mass moves with um* 

form acceleration. . , ^ 

Arrange the observations as m the following table :— 


< 

i 


— ^ — 

Muss tif Klth'r usctl 

1 hcv $ 

Time t 


2 gin. rider . 

50 



100 

1 

1 



150 

1 

1 


200 

1 

1 

4 gm. rider . 

50 


1 

100 




150 




200 


1 

1 

6 gm. riiler . 

50 



(if used) 

1 

100 



150 




200 

1 



Mean accelera* 
tion with 
2 gin. rider 

Qh “ » « • » 


Mean accelera¬ 
tion with 
4 gm. rider 

a^ • e e e 


Mean accelera¬ 
tion with 
G gin. rider 

O j • • ■ • 


It will bo found that the sets of figures in the last column will approxi¬ 
mate to a con.stant value for each of the riders, the value of the constant 
increasing as the mass of the rider is increased. 

Expt. 60. Acceleration is proportional to the Force acting.—This can 
be shown without further experiment from the results in the foregoing 
table. The total mass moved by any of the riders is practically the s^e, 
differing only by the small differences between the masses of the riders 
themselves. Thus if the acceleration produced in a mass is proportional to 
the magnitude of the force acting on the moss, the accelerations a„ Oj, a,, 
should be in the same proportions as the masses of the riders used, or 
proportional to 2, 4. 6, etc., in the case considered. 

Expt. 61. Acceleration for a Given Force is inversely proportional to 
Mass.—By using pairs of masses A and B of different sizes, it is possible 
to show that a given force produces acceleration inversely proportional 
to the mas.s on which it acts. 

This is done by finding from measurements of s and t the acceleration 
produced in different pairs of masses, when they move imder the action 
of the same rider. The products (Total mass moved x acceleration) 
should be coustant. 
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Tt is noccssary in this case to know Hie \ aliie of tlie ‘ efjiiivnk'nt ’ 
inass 4)t' ihe |jiilley. 

The total mass moved in any one case is by (2.M i-m i-x) gm. 

(see below). 

Expt. 02. Acceleration due to Gravity.—(i) Assuming the value of the 
equivalent mass of the pulley and cord. 

Let the mass of each of the ma.s.sos A and H = M gin. 

Let the mass of the rider m gin. 

Let the equivalent ma.ss of tho pulley (and 
cord) = .c gin. 

Let the acceleration produced = a cm. per sec. ])or sec. 


Then Force acting = Wt. of rider = mg dynes, 
^loss moved = (2^1 +ia +x) gm. 

Force = Mass * Acceleration. 

Therefore mg = (2M + m + x)a, 

from which g can be determined. 

Calculate g from the sets of observations for 
each of the riders used in Experiment 51). 

(ii) Calculation of a value of the acceleration due to 
gravity, eliminating the equivalent mass of the pulley. 

If the same rider is used for different pairs of 
masses A and B, the value of g can be calculated 
wit hout a-ssuming the equivalent mass of t he pulley 
to be known. 

Thus if the acceleration produced with a [lair 
of ma.ssos each equal to M' is a', and the accelera¬ 
tion produced by tho same rider on a pair of 
masses each equal to M* is a", tlien 


mg = (2M' + m + x)a' \ 
and mg = + 7n + x)a'') 


X being 


unknown. 


whence 



Calculate g, using the values of a' and a’ 
corresponding with the different masses used in 
Experiment 61. 


The instrument was designed originally for 
the determination of g, the accurate pendulum 
methods of Kater having not then been in¬ 
vented. Its main use nowadays is to demonstrate 
the laws of motion, determinations of g by its 
means being of a relatively low order of accuracy 
though possessing historic interest. 



Atwood’s Machine : Ribbon Pattern.—In this ap- Cusson's nibbou Pattcro: 
paratus the equal masses are suspended by a paper 

ribbon which pa.sses over the flat rim of tLe Pullev. A compensating 
ribbon is attached below the masses as m Fig. 73. A steel spring is fixed 
at one end and at the other carries a fine brush, charged with mk. which 
marks the paper at the top of the pulley. A simple release sets free the 
spring and the moving masses simultaneously. Each wave traced on the 
ribbon represents a known period of time. 
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'riio same typ*' rxporimrnt can b<* performed with this form as with 
the pillar form'of iimchiiio. taking the distances and times ns recorded on 
the 111)1)011. 'J'he value of the acceleration in each cose can be obtained 
fr-'in the wa\y trace, as already’ explained in Fletclier's Trolley Apparatus. 
(S. e also page 121.) . . 

Carry out experiments exactly as witli the pillar type of machine, using 
the rihlion and spring to measure the acceleration in the various cases 
instead of a«ljusting the distance 8 to different values and noting the 
corresponding times. 

wav of using Atwood'.s machine which is sometimes employed Ls to 
fin<l tlie velocity of the mass after the rider has been removed by the 
ring and the system is supposeil to be moving with constant velocity. 
This method, however, is neither so convenient nor so accurate aa that de* 
tailed. 

§4. Rotation of a Rigid Body 
ROTATIONAL INERTIA OR MOMENT OF INERTIA 

The ‘ effect ’ of a mas.s in rotation about an axis depends not only 
on the ma.ss moving but also on tlie way in which the mass is distri- 
luited about the axis of rotation. Thus, consider the Kinetic Energy 
of a body as sliowii in Fig. 74, rotating witli angular velocity a» radians 
])er .second, about an a.xis tlirough O perpendicular to the plane of 
the paper. 

Velocity of particle at Pi = ria>, 

Velocity of particle n ?2 at p 2 = r 2 a», etc. 

Kinetic Energy of particle 7n^, at P^ = 

Kinetic Energy of particle m.^, at P 2 = etc. 

Total Kinetic Energy of the Body clue to Rotation about O 

= ioj” + 7/12^2^+r«3r32 + . . .J ; 

or iudicaling the sum of the quantities in the bracket by the symbol I, 

Kinetic Energy of Rotation = 4Ia>^. 

The sum represented by I is a property of the body which has a 
perfectly definite value for that body with reference to the given 
axis O, its magnitude depending on the distribution of the mass about 
tliat axis. It is called the Moment of Inertia of the body about the 
given axis, or the Rotational Inertia, and is defined by 

I = m^r^ + m2r2^ + + . . . 

or I = Smr*, 

where S denotes the sura of a number of terms of the same type, 
taken for all the particles in the body. 

It can be shown that the Angular Momentum or the Moment of 
Momentum = Iai. 

The dimensions of I are mass y length^. It may be in gm. cm.® or 
kgm. metre.® See also pp. 67-68. 
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The Radius of Gyration.—If the total mass M of the body were 
concentrated into a single ])artic*lc, and if this particle were constrained 
to move in a circular patli of radius k by means of a light rod witli its 
centre at O, the Moment of Inertia of the ])article about the given axis 
would be MAr^. By properly choosing fc the Moment of Ii^ertia of thi.s 


CJ Fat/funs p^r 




FlO 75.—Parallol Axes 
thruii^li O ami (i 


particle may be made the same as that of the given body. For this 
value of k, Uk- = I ; this length k is called the Radius of Gyration of 
the body about that particular axis. The value of I would be the same 
if the matter were arranged in the form of a ring of radius k. 


THEOREM OF PARALLEL AXES 

The Moment of Inertia of a body about any axis is equal to its 
Moment of Inertia about a parallel axis through the Centre of Gravity 
plus the product obtained by multiplying the mass of the body by the 
square of the distance between the axes. 

Thus if lo is the Moment of Inertia about an axis through O, and 
is the Moment of Inertia about an axis through G (Fig. 75), 

I„ = L + MA2 

But = MA%,2, lo = M^„2, 

so MX;,2 = MA:,2 + MA2, 

or 

Consequently, if we know the Moment of Inertia, or the Radius of 
Gyration, for an axis through the Centre of Gravity, we can calculate 
the corresponding quantity for any parallel axis. 

For a list of Moments of Inertia see the Appendix, p. 560. 
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Perpendictdar Axes Theorem for a Lamina.—Let O be any point in 
the i)lane of the lamina, OX and OY two perpendicular axes m its 
plane, OZ an axis perpendicular to its plane. Then the moments of 

inertia I,. I,, I. about these axes satisfy the relation L = L + 1,. 


LINEAR MOTION AND ANGULAR MOTION 

The following parallels between quantities concerned with Trans¬ 
lation, or linear motion, and quantities concerned with Rotation, or 
angular motion, should be studied very carefully . 


Translation 


Quantity 

SytnboU 

L)i«[>lacoment or Uis- 
tahcc 

Velocity • • 


Aceelerotion . 

fiv 

"Mass or Inertia 

s 

II 

Momentum . 

r 

Force . 

Kinetic Energy of 
TranBlation 

Work . 

K = m.a 

Force x Distance 
W = Fh 


Rotation 

1 Quantity 

1 

SymlH'l:* 

AnRular Dis* 

d 

placement 

11 

II 

3 

Angular Velo¬ 

city 


Angular Aocclcr- 

• U OJ 

At ion 

Moment of In¬ 

II 

M 

II 

•* 

ertia 


Angular Mo¬ 

Ici> 

mentum 


Couple . 

G = Ia 

' Kinetic Energy 

\ I CO* 

of Rotation 


ij Work 

Couple X Angle 

1 

\W=O0 


This table is of great valvie in dealing with angular motion. If a general 
expre.ssion be obtained connecting certain quantities in the case of linear 
motion, an exactly’ similar expression can bo written at once for the corre¬ 
sponding quantities for angular motion. For examples of this, see Simple 
Harmonic Jlotion, Chapter IX. 


§ 5. Measurement of Moment of Inertia 

The idea of Moment of Inertia has been obtained above from a 
consideration of the Kinetic Energy of a rotating body. It is by 
measurement of the Kinetic Energy of a rotating body that we usually 
measure its Moment of Inertia. The experimental determination of 
the Moment of Inertia of a rotating body is usually carried out by 
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giving to the body a definite or ineasuiablo tiuantity of energy, and 
measuring the resulting angular velocity. 


MOMENT OF INERTIA OF A FLYWHEEL 

\\’hen the body is in the form of a wheel with a long Jixle, the following 
method is one of the most suitable for determining its Moment of Inoiiia 
about the axis of rotation. At 
some point in the axle, or in a 
cylindrical rim on the wheel itself, 
either a small hole or a small jieg 
will bo required. 

A brass pin is made to fit into 
the hole and is tietl firmly to a good 
length of cord. If, instead of a 
hole, a peg be found, a simiile loop 
is made in the end of a cord and 
this is slipiied over the peg. The 
cord having been attached in one of 
these ways, the wheel is turnoil so 
as to wind the cord round the rim 
a few time.s. The coixl is passed 

over a pulley if the axis of the -e , 

wheel is vertical, or allowed to hang straight down if the axis is 
horizontal ; to tho free end is attached a mass of suitable size. 

If now tlio mn.ss bo allowed to fall, it will lose Potential Ln^gy , the 
Potential Energy lost will be converted partly into Kinetic Energj' of 
translation due to the motion acquired by the falling ma.ss itself, ancl partly 
into Kinetic Energy of rotation of the flywheel. If we neglect any frictional 
losses for the time being, wo may state from the principle of the conserva¬ 
tion of energy that 

Potential Energy lo.st^ _ /Kinetic Energy! f Kinetic. Energy ! 

by tlie falling mass / 1 gained by mass/ \ gained by wheeU 

Now if the mass suspended be m gm-. and if it fall through a vertical 
distance h cm. before the string is released from the wheel, the Potential 

Energy lost is nu/h ei*gs. .1 ust as 
the end of the string is pulled 
off from the rim, tlie mass has 
acquired a velocity equal to v 
cm. per sec. (say), and tho 
wheel an angular velocity equal 
to w radiaics per second. Tho 
Kinetic Energy of the falling 
ma.ss at this in.stant is thus 
aiwl the Kinetic Energy 
of rotation of the wheel is JIw*. 

Thus, neglecting friction, we 
have 

ntgh = Imv^ + ilu^ 

In t his equation m and g are 
both known. 

Determination of h. —The most 
convenient way of getting an accurate value of h is to arrange the length 
of the cord so that the end separates from the wheel just as the bottom of the 
falling mass touches the ground. If the mass be started with its base level 


BqU bearifjff 



Fio. 77.—Flywheel with Axle vertical 
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„i,h the table, the helitht throt.ph ttl.ich it falls while attacherl to the 
w heel ire'it.V to th.. h,M^ht of the table above the floor. 

- j_ 'X'\\rkn> Arp two wav's 111 whicli t’ anti w may 

L us.-iul Ii.i-uus of correctii»g for friction losses (seo later). 

iMkt.iod I—Tlic length of time taken for the- falling mass to reach 
the «,":;::ris'ioeast.re.l 1^ toeaos of a -1—tt 

a distance h cm. with a uniformly 
iiicreasiiijj velocity. Since the initial 
velocity is zero tho finol velocity♦ i’* 
will bo double tho average velocity. 



h 


“ 

Tho Average Velocity v = 

The final velocity, the velocity 
the mass has when it reaches the 
ground, is double this value, or 

o- 

t = 2v= . 

^1 

The time /i is usually very 
short, and cannot be measured with 
great accuracy. 

Tho quantities v and to are connected by the relation wr, whore r is 
tlio radius of tho csliiulricul rim round whicli the string is wound. H r 
be measured and v be determined us above, we can find to. since 


V 


U> = 


Method II.—After the string has become detached from the wheel the 
wheel continues to revolve for a considerable time. Its angular velocity 
dccroaace, however, on account of friction, and eventually the wheel comes 

to rest again. , -r > 

If the friction be assumed constant, the wheel will be retarded uniformly, 
and tho average angular velocity taken over the whole time required to 
coino to rest will be equal to one-half the initial angular velocity <i>. 

If the wheel make n. revolutions after the string has become detaclied, 
and take seconds to come to rest, the average angular velocity, while 
coming to rest, is given by 

_ radians per second. 

** 

Therefore w. the angular velocity at the moment when the string 
became detached, is given by 

Ann, 


t=2a> = 




The value of t, is much greater than that of ti in Method I, and can 
therefore bo deterinined with much greater accuracy ; thus the resulting 
values of v and w obtained by tliis method will be more accurate than 
those obtained by Method I. 
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Having found oj, i- is calculated by means of the relation 

V = <i>r. 

Determine r in cm. per second and «> in ra<lians per .second. 

Expt. C3. Moment of Inertia of a Flywheel.—Set the wheel in 
rotation by allowing different masses to hang from the string, adju.sting 
and measuring the heights of fall as already descrihed ; thi.s gives 
711 and A. 

.Mea.sure the raditis of the cylindrical rim round wliich the coni is 
wound, adding half the thickness of the cord to this if the cord is an 
apprecia}>lo thickness compared with the radius of the rim ; tliis gives r. 

(‘ount the number of revolutions made by the wheel after the string 
Jjas become rletached, />». 

Firjd the time taken to come to rest, 

Repeat the observations three times each, taking the of the 

observed values of and t., if these \ary for the same m nrul fi. 

Calculate mean values of <n and v corresponding with each value of 
7/1 ami A, and sub.slitute in the equation 

mgh = imr*+ 

Calculate each of the quantities 7/igh, imr*. and Jw* separately before 
solving for I. 

Expre.ss the i^Iomont of Inertia in g/n. cm.* 

Correction for Friction.—Ifthe friction of the supporting bearings i.s consider- 
able, it must be allowed for. Suppose n certain amount of work / is done against 
friction every time the wlicel revolves ottve. White tho mass was falling, a certain 
number of revolutions n, were made, and therefore on aino\mt of work »,/ was 
done against friction. 

The equation mpA = ime* + JIcu* is therefore no longer qmto true : it must bo 
modified to 

mgh = Jmf* -f ai* + iij/, 

since the work «,/was done while the falling moss was losing its Potential Energy. 

Now, after the string was detached from tho wheel, the wheel posses-sed a 
certain amount of Kinetic KnergysJIw*. This energy was gradually lost in 
overcoming friction, tho whole amount being absorbed in a certain number of 
revolutions «». Hence 

AIw*=n,/. 

Wo thus have a value for / expressed in terms of known quantities, 



and therefore ”i/— . 'AIw** 

712 

The equation may now he rewritten a.s 


or 


i7tgh = imu*+ |I<a*+ ‘^Icu*, 


the friction correction being represented by the term in the bracket. 

f% A 


Determine n„ the number of turns made by the wheel while the mass 
is falling, and recalculate I, introducing this small correction. 
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SOLID OF REVOLUTION ROLLING DOWN AN 

INCLINED PLANE 

When a l»o(lv is allowed to roll down an inclined plane, the 
E.uM-y it loses is converted into Kinetic Energy. When the body 
rcacires the foot of the plane it possesses two kinds of motion 

(rt) Motion of translation, 
and (6) Motion of rotation. 

Hence the Kinetic Energy of the body is made up of two parts— 

(n) Kinetic Energy of linear motion 
and (6) Kinetic Energy of rotation =JIa>2. 

Where ni - Mass of body, 

r r. Linear Velocity, 

I = Moment of Inertia about the axis through the Centre of 
Gravity, 

cu = Angular Velocity. 

If the top of the plane where the body starts be h cm. above the 
place u here the body is stopped, the body loses Potential Energy = 7ngh. 

Hence 

Actually the motion is one of rotation about the inslanianeGy^ 
axis of contact with the plane, as it is assumed that no slipping 
takes place here. This can, however, be shown (see p. 119, and Fig. 81) 
to be equivalent to a linear motion of the C.G., together with an 

angular motion about the parallel axis through 

the C.G. 

If r is the perpendicular distance between the 
axis of contact through O and the Centre of Gravity, 

_ the linear velocity of the Centre of Gravity v is given 

'-f by the equation 

Fio. 79.—Proof that p=u.r ’ ^ l 

a .<5 is readily seen by reference to Fig. 79, whore both 

axes are perpendicvilnr to the plane of the paper. - n- i. j 

Now V may be determined by observing the time taken for the rolling body 
to traverse a length s on the plane ; let this bo t secs. 

Final Velocity = twice Average Velocity. 




:• -< 



v = 2v = 


I 


V 2^ 

Thus oj ftlso is known» for ; so that u>= 


h and m may be <letermined directly, so that everything in the equation is 
known except I. 

Substituting the known values for the various quantities in the equation 

fngh= + 

the value of I may be obtained. 
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Expt. 04. Wheel and Axle on an Inclined Plane.—A large disk fitted 
with a axle is allowed to roll down a .set of rails on an inclined plane, 

and the time taken for the <lisk to roll down the plane is noted ; lot this 
be t sec. 

The length of the plane traverserl by the axle is also determined ; 
call this 6 cm. The total height fallen through by the axle is measured 



by means of a .simple cathetorneter ; let thi.s be h <‘m. Then the Potential 
Energy lost = Weigh the disk, and calculate the value of tnf/h. 

The linear velocity of the disk as it reaches the foot of the piano is 

2s// = 17. 

Calculate the value of v in cm. per sec. 

Calculate the value of the Kinetic Energy of translation at the 

foot of the plane. 

In this case, the distance from the fixed axis to the Centre of Gravity 
is cc|ual to the radius of the axle. 

Measure the radius of the axle, using a micrometer screw gauge ; 
lot this be r cm. 

V 2s 

The angular velocity at the foot of the plane = w = ^ . 

Calculate the value of w in radians per second. 

Substitute these values in the equation 

mgh = JIoj’, 

and solve for I. 

Repeat the experiment, using various values of h (5, 10, 15, and 
20 cm.). 

N’erify j our result by calculation, assuming the IMoment of Inertia 
of the disk is Arnu*, whore a i.s the radius of 
the dink. 

It has been mentioned in the foregoing that 
although the actual motion is one of rotation about 
the axis of contact with the plane, this motion is 
equivalent to a linear motion of the Centre of 
Gravity together with an angular motion about 
an axis through the Centre of Gravity. 

The proof of this is as follows : Consider the 
body A to bo subject to an angular velocity ai 
about the fixed axis O, and let 5 be an exactly 
similar body with a linear velocity v of the C.G., 
and an angular velocity ut about the axis through 
the C.G. 

Let the distance from the Centre of Gravity to 
O be r, and let the linear velocity of the C.G. in case B> be at right angles to this 
line and equal to a>r. 

Consider the motion of the C.G. in the two cases. 

Cose A. Linear velocity of Q.Q.—wr, from right to left, due to angular 
motion about O. 


A 8 



FlQ. 81.—Motion about Instaa- 
taucous Axis of Itotatloa 
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Case B. Lirioar volocty of C.G. = •;= or. from right to left, by h>TotheBi3. 

point O in tho two cases. 

Oa'e B: MuJion is from right to left, doe to linear motion and a.r from 

'‘'^^1’eirUr of^fhi?;:^;^ ^cy have 0. -me 

C.Ci,= lor. 


m 


disk supported by cords passing round an axle 

THROUGH THE DISK 

Tlic disk is motmtod on a steel spindle suspended by strings in such 

a tvav that the axle is horizontal. The disk is raised by turning the 

axle so as to roll the string evenly on the two sides of the axle as shown 

in Fig. 82. When released the disk 

-j-j- falls, acquiring a motion of rotation, 

^ ^ due to the unwinding of the cord, as 

well as a motion vertically down¬ 
wards. 

If it falls a distance h, its mass 
being /«, then as before 

7ngh = ^mv*+ ^Itu*, 

V being the linear, and w the angular 
velocity of the disk, when it has fallen 
through this distance h. 

The relation between u and w is 

V = cor, where r is the radius of the 
axle plus half the thickness of the 
string. This is easily seen from Fig. 82. 
The point O' is at rest, and the centre 
of the axle O will therefore have a 
velocity v = qjOO'. 

Determination of v and <o.—The linear 
velocity of the disk as it reaches the 
bottom of the string is double the average linear velocity during the fall, 
for it starts with zero velocity and is accelerated uniformly throughout. 

The average velocity of fall is obtained by finding the time t taken for 
tl>o <lisk to reach its lowest position. The distance moved through is h, 
therefore the average velocity 

- h 
v = 


cr.-rk- 


V • ^ » A a 



L.. J 

Fio. 82.—Disk suspended by Strings 


or 


-- 2h 
v = 2v= . 


From this to is obtained, since <o 


t^xPT. 65. Determination of the Moment of Inertia of a Disk sus¬ 
pended by Strings.—See that the axle is horizontal when the disk is in its 
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lowest position. Rotate tlie disk aliont its axis so that the stiinps are 
wo\in«l evenly round the spindle, and the disk is raised to its highest 
point. Release the disk and start a stop-watch .simultaneously, and take 
the time of descent from the highest to the lowest ])oint. I his obserxa- 
tion must be repeated several times, and the mean value found. Measure 
tlie distance h through which the disk falls, and calculate the final velocity 
V in cm. per sec. from the formula 

2h 


:Measure the diameter of the spindle and the diameter of the cord with 
a micrometer screw, and determine r, which is the sum of the* ladu ot 
the spindle and the cord. Determine the angular velocity w from the 

formula r = cur, expressing the result in radians per second. 

The mass of the disk (and axle) is determined by actual weighing, 
and thus the data necessary for the calculation of I are all known. 
Calculate tho value of I from the energy equation. 


An approximate value of I can 
of the clisk» 


be crtlciilated 



VtQ^ 

‘ 2 ^ 


from tlie mass and dimensions 


a beinc the radius of tho <Hsk, . 

This crtlonlntcd value is only approNirnatc ; the formula is only true if the 
mn.ss of the disk is distributed uniforinly throughout its volume, and. of course, 
this is not the case, tho axle having an appreciable mass which is obviously not 
distributed uniformly throughout the disk. 


§ The Study of Vibrator Traces 


The following method of determining acceleration from the vibrator 
traces obtained when using Fletcher's Trolley and Atwood s Machine 
is due to Dr. L. F. Richardson. This trace will resemble that made 
by a tuning-fork, shown in Fig. 119, p. 174. Draw the middle line 
through the trace by setting the paper in motion with the vibrator 
at rest, taking care that the tracing point is not bent. Measure dis¬ 
tances, from the first clear intersection of this line and the trace, to 
each of the succeeding twelve alternate intersections. Let these dis¬ 
tances be a, 6, c, d , . . j, k, 1. 

Tabulate these 12 measurements as 4 sets, in groups of 3 :— 


Measurements 

a • e . i 

b . f . j 

c . g ■ 

d . h . 


k 

I 


First Dlfleronros 
(c - a) and {i - e) 
(f - 6) and {j -/) 
{(/ - c) and (A- - g) 
{h - d) and {I - h) 


Second DifTcrenccs 
(i - e) - (e - a) = a - 2f+ i 

{k-g)-{g-c) = c-2g-^k 

(I - A) - (h - d) = d-2h + l 


Mean second cUt'forence=i{a+b+c+d~2(e+f+g + h)+i+j+k+l]-D 


In finding this mean, all the twelve readings are utilised. If the 
periodic time of the vibrator is T, we then have 

Acceleration = D/16T”. 
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I-hoof —Lot anv two consecutive set.-, of four waves occupy l^ngtlis .s, 
nu.l s ou‘the trace; nn.l let r, be tbo velocity at the begmniiiR of the first 
wav.'^^.n.l r, tl.e velocity at the end of the fourth wave (or at the beginning 
of the liftli). Tlie acceierution being a, we then na\e 

s, = r,(4T)^ 5a(4T)^ 
fti * 4 ^ 1 ') 

ami r"(4T)+\a(4T)S = i-o(4T)-FSa(4T)L 

Wlience - a-, = o(4T)*. or a = («* - »i)/(41) . 

The le.i.'ths .V. ami .v, repre.sent any pair of first differences such a.s (e - a) 
and (/ while {.Vj - *■,) represents the corresponding second dilTerence. 

The same method may be used for any number of reatiings pro¬ 
vided the eorreet time interval is employed. At high speeds it may be 
convenient to use miccessive points of intersection, or half wave-lengths. 
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PERIODIC MOTION 

§ 1. Linear Simple Harmonic Motion 

In all branches of Physics cases occur in which the motion of a point 
or particle is of the nature of an oscillation or vibration. The motion 
of a point is said to be periodic when the same series of movements is 
repeated at regular intervals of time. The Period of the motion is the 
time required for the complete series of movements, or one complete 
cycle. The Frequency of the oscillation is the 
number of cycles per second. The simplest 
type of periodic motion is that which is 
known as Simple Harmonic Motion (S.H.M,). 

Linear Simple Harmonic Motion may be 
defined geometrically as the projection of 
uniform circular motion on a diameter of the 
circle. 

Imagine a point P moving round a circle 
with uniform speed. Take any diameter AA' 
of the circle, and draw PN the perpendicular 83.-simpic Harmonic 

from P to this diameter. Then the point 

N the foot of the perpendicular, executes S.H.M. acro.ss the diameter 
AA'. The Displacement of the point N is ON, the distance from its 
mean position 0. The Amphtude of the motion is the maximum dis¬ 
placement from the mean position 0. It is equal to o or OA, the radius 
of the circle of reference. The Phase of the motion is the time, or the 
fraction of a period, that has elapsed since P passed some fixed point, 
such as A. It may be expressed also as the angle POA. The Period of 
the motion is the time taken for the point N to travel backwards and 
forwards along the diameter AA'; it is the same as the time taken by 
the point P to travel round the ‘ reference circle ’ of radius a. 

Let the velocity of P at any point be v, and let the angular velocity 
of OP be CO radians per second, then v = aco and the Period i is given by 

27ra _ 27 t 
^ V <JJ* 

The displacement of N = a cos PON. 

The point N has a velocity along AA' which is always equal to the 
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of the velocity of P parallel to A.V. Hence the velocity 

Anv Xrnle^n the velocity of P which alTeots its velocHy paralW 
AV also alfeets the vehaity of N. Thus the acceleration of he 
point N along AA' is equal to the component of the acceleration o 
parallel to AA'- lint the aeecleratioii of P can he shown to be equal to 


r- 


(I 


in tl.o (lircction I’O. Hence the acceleration of N 


=• COS POX, towards O. 

(I 


r- OX 
« "" O P 


/ • 2 

= (-j X Displacement of N 


= <u- X Displacement of X. 

Hence wc see that in Linear Simple Harmonic Motion a point moves 
along a straight line with an acceleration that is always directed towards 
a fixed point in that line, and is directly proportional to the distance from 

that fixed point. , e u m 

'I’liis .statement fdves an alternative definition ot ci.ri.-'l. 

Whenever ;i point moves in a straight line witli an acceleration ot 
this type, so that 


Acceleration 


= a constant, 


Displacement 

an.l the Acceleration is directed towards a fixed point in the line, we 
know that the moving point executes a S.H.M. with this fixed point 
O as its mean position. The pcrio<l of this H.H.M. can be expressed in 
terms of the acceleration at any known distance from O, even ii no 

other property of the motion is given. . xt • i?- qo 

The moving point wotdd correspond with the point M in hig. od. 

For any given value of the amplitude u of the motion of N, we may 
imagine a point P moving round in a reference circle of radius a. 

The angular velocity a; of the ra<lius will require to be such that 

the Acceleration of N =ui“ x Displacement of N. 

Notice earefullv tliat it is the square of the angular velocity which 
corresponds to tlie constant ratio of Acceleration to Displacement. 
Now ai = 2rr7 and so tu represents the number of complete cycles in 
277 seconds. It has been called the pulsatance of the periodic motion 

and is sometimes represented by p- 

This important magnitude ' is determined by the equation 

7 Acceleration 
Displacement’ 

' \iiivr work wc may point out that the graph of S.H.M. is a sine or cosine curve 

rcpTC^cnUHl by the equation z-a c<w {pt —*) or by y=a sin {pt — fih 
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and the period t is given by 

t = 277 


/ 


Displacement 


\' Acceleration * 

In Dynamics it is frequently found that the force acting on a 
particle is tlirected towards a fixed jioint for all positions of the particle, 
and is directly proportional to the distance of the particle from that 
point. It is easy to see that if the ]>article move in a straight line 
passing througli the fixed point its motion must be S.H.M. 

For let the force be where /x is a constant and x is the displace¬ 
ment. The constant ^ is the value of the force when the displacement 
is unity. If tlie mass of tlie particle be the acceleration a, in accord¬ 
ance with Newton's Second Law, is given by 

/Ha = /xx, 


or 


a - 

III 


so that tlie acceleration is directly juoportional to tlie displacement, 
and the motion is S.H.M. 

We see that fx m replaces a>-, or (r «)• in the preceding discussion. 
Tlie Period, t, can be written down at once for t = 


277 


CO 


so that 




Notice that the period t is independent of the amplitude a. 

This equation for the period is of far-reacliing application. If we 
know tlie mass of a body, and the force acting on it in terms of the 
displacement of the body from its mean position, the period can be 
determined at once from this relation. 

The constant /x is called the force for unit displacement, for it is 
the value of the force in dynes that would act on the body if it were 
displaced one centimetre from its mean position. Its value may often 
be determined by a simple statical method. In elastic problems fx 
represents the stiffness of the constraint. 


§ 2. Angular Simple Harmonic Motion 

The analogy between certain quantities connected with linear 
motion and other quantities connected with angular motion has already 
been pointed out (see the table on p. 114). This may be made use of 
in dealing with linear and angular S.H.M.s. Thus we may at once 
deduce the following statement :— 

When a body rotates about an axis under a couple which is pro¬ 
portional to the angular displacement from a certain position, the body 
executes an Angular S.H.M. 
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A.ain l>v simple .uialoj^y. if tlu- c-m.ple or ' torcpic ’ G acting on a 
body is rclatcci to its angular displaceim-nt by the etiuation 

Couple - G = fO, 

«.l,ere c is consiant the perio.! of the Angular Simple Harmonic Motion 
executed is /y 

I l,cing the Moment of Inertia of the body about the axis of 

The coefficient c is frequently spoken of as the 
f„r r is the value of the couiile that would act on the bod> if it were 

displaced one rm/ian from its mean position. It may be regar e 
the stiffness of the constraint when that is due to elasticity. 

§ 3. Examples of Periodic Motion 

The types of periodic motion met with in practice are rarely pure 

Simple lirrmonic Motions. They may, however, be t|onsidered as 

Simple Harmonic Motions in many eases, provided the " 

P motion allowed does not exceed certain small 

limits. The oscillations of a pendulum give 
one illustration. Not only is the pendulum 
widely used for time-keeping purposes, but 
very important results in Physics can be 
obtained from determinations of pendulum 
periods. 


C 

A 



PERIOD OF A SIMPLE PENDULUM 

A simple pendulum consists of a heavy 
particle of matter suspended from a perfectly 
rigid point of support by a flexible, weight¬ 
less, inextensible string. When displaced to 
one side of its mean position O, the ‘ bob 
swings hack towards O along the arc, under 
the action of the forces on the bob (Fig. 84). 
The only force whicl. has any component along the arc is the weight 
of the bob. and the component of this tending to set the body movi g 

back towards O is mg sin 6. , , , . . u . 

Thus the tangential force on the bob is given by 

/ — mg sin 0. 

If the angle of displacement 6 is very small we may write 0 = sin 0, 

approximately, and then f = mg9. 


6 


fngcQsO mg 

FIO. S4.—Forces on Bob of 
Simple Pemlulum 
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Now if the displacement of the bob along tlie arc is x and the 


X 


mg 


lengtli of the pendulum is and/= ^ x. 

This is an equation of the form/=^ar, and hence the motion of the 
bob is a Simple Harmonic Motion if the displacement x is never large. 

Tlie value of fi, the force for unit displacement, is and is inversely 

proportional to the length of the pendulum. The period is given 
(approximately) by 


t = 


- 7 : ■' 


here u = 


7ng 

I • 


Hence 






PERIOD OF A COMPOUND PENDULUM 


A body the mass of which is distributed throughout its volume 
can be used as a pendulum by allowing it to oscillate about some axis. 
Suppose a body to be suspended from the 
axis through O (Fig. 85). 

If displaced sideways, its weight acts 
downwards through its Centre of Gravity and 
exerts a restoring moment on the body, the 
restoring moment about the axis O being 
7 ngh sin 6, when the body is displaced through 
an angle 6. 

If 0 is small we may write 0=sin 6, 
approximately, and then the 

Restoring Couple = 6. 

This is of the form, couple =c0, where 
c=mgh. The body thus executes an angular S.H.M. about the axis 
through O, its period being given by 




fisindi CG 




FlQ. 85.—Compound Pendulum 


4°/'- 


I(, is the Moment of Inertia about the axis through O, and can be 
expressed as I© where k is the radius of gyration about the 

Centre of Gravity (p. 113). _ 


Hence 


or 


t 




mhg 

hg 


Sri Pratap College^ 
Srinagor. 
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PERIOD OF AN OSCILLATING MAGNET 

WlKM. a nmsnct of ,.ole strcngtl. m ia suspended in a uniform field of 

stren^ith H, each pole is subject to a force j»H. 

When the .naguet is displaced through an angle 6 
from its mean position, these forces exert a mechariK-al 
couple on the magnet. .sin 0, where IsS is 

the <listanee between the poles of the magnet. 

Tl.e product m x NS is called the JIagnetie Moment 

of the magnet, and is denoted by M. Hence 

Restoring Couple = MH sin 0. 

This reduces to SIH0, if the swings are small, and we 

find at once for the i»eriod of swing 



rt H 


Kiii. rttV— 


/ 


'J 


I fieins! the Jloment of Inertia of the magnet about its axis of 
rotation. 


PERIOD OF A TORSION PENDULUM 

In >11 the foregoing examples of periodic motion, the motion has 
only been a Simple Harmonic Motion if the angle of swing has been 
small In the case of a Torsion Pendulum the 
motion is accurately Simple Harmomc, even for large 
angular displacements. 

If the upper end of a wire is fixed, and the lower 

end twisted through an angle $ radians, the restoring 

, 7rnr*0 . 

couple exerted by the wire is equal to where 

r = radius of wire, f = it3 length and n is the Modulus 
of Rigidity (p. 93). Hence a body of Moment of 
Inertia 1, sup]>orted from a wire in this way, would 
execute a Simple Harmonic Motion, the period of 
which is given by ,—y 

i^27T 




or 


^ = 27r 




Flo. 87.—TorsiOD 
PcnduUim 


T . 

When I is known, this result could be used for measuring the modulus 
of rigidity n by an oscillation method. 
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PERIOD OF MASS SUSPENDED FROM SPIRAL SPRING 

The periodic motion of a mass suspended from a spiral spring 
furnishes another example of a pure Simple Harmonic Motion. Su])pose 
a mass suspended from a spring, extends tlie spring I cm. Then the 
force exerted by the spring is just equal to the weight, of the sus¬ 
pended mass, and the force for unit extension is Mj/ 1. If the spring is 
stretched a little further, say 1 cm., the extension being now equal to 
Z-i -1 cm., the spring will pull upwards on the mass with a force equal to 

, j 1. » 

-p X (/ -f 1) djTies. 

Tlie forces acting on the mass are now (n) the upivard force, 

Mf/ (l + ] ). exerted by the spring, and ( 6 ) its weight, M 3 , acting doirn- 

wards, the resultant being upwards. Thus, when displaced I cm. 

from its steady position, the mass is pulled upwards by a force 
dynes. This is the force for unit displacement.^ 

The period of vibration will therefore be 

where I is the steady elongation produced by the suspended mass. 


§ 4. Experiments on Periodic Motions 

Expt. GOA. Restoring Force for a Simple Pendulum.—This force is 
awroximaldy proportional to the di.splacement (pp. 126-127). lo test 
this result suspend a heavy ‘ bob ’ by a very long string from a rigid support. 
Apply a known horizontal force to the bob by a second threail pa.ssmg 
over a pulley an<l having a weight attached to its other end. Measure 
the displacement of the bob for various weights and plot a giaph. 
This should be nearly linear. From it find the force m dynes for a 
displacement of_l cbi. See whether the period calculated from the 

formula t = 27 T\/mlfj. agi-ees with that found by observation. 

In all simple harmonic motions the period t is expressed in terms 
of a group of quantities under a square-root sign. Hence in determining 
any one of those quantities by observing the period of the vibration, 
the accuracy obtained will depend on the accuracy of an error of 
1 per cent in t introducing an error of 2 per cent in the result, and 

so on. 

With any given timing device the probable error has the same 

* Compare this result with that on p. 127 for the simple pendulum, but notice that I here ia 
noi the leogtb of the Bprixig* 
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ah,while value whether the total interval is long or short. Consequently 
the jnraxl'KjH error is redueed. in proportion as the measured interval 
is increased. The interval shoiild therefore he long enough to he 
measured with tuice the degree of accuracy required in the final result 
(see also pp. 24, 25). 

With a watch ticking 1th seconds, the possible error is :th seconds, 
and for I per cent accuracy in the result observations should extend 
over a ])criod of not less than 80 seconds. It is advantageous to count 
swings until the desired period has elapsed, then to continue counting 
until (I convenient number of su ings has been made before 8 top 2 Jing the 
n atch or stop^clock. 


DETERMINATION OF g BY USING A SIMPLE PENDULUM 

'Pho acceleration rlue to gravity, g, cannot be determined with great 
accuracy except by indirect methods. Of these the simple pendulum 

is the easiest, g being obtained from observa¬ 
tions of I, the length of the pendulum, and 
^ its period of full swing, by means of the 
formula (p. 127) t = 27T\/{l,g). 

Exi>t. OGB. Determination of g by the 
Simple Pendulum.—As u near approach to 
the ideal simple pemluhim (p. 126) we uso 
u small heavy ‘ hob ' suspended from a fine 
strong thread or fishing lino clarnpetl rigidly 
at its iippcr end. The length of the pen- 
iiulum is measured from the lower edge of 
the clamp to the centre of the ‘ bob ’ (Fig. 88). 

The time occupied by a complete vibra¬ 
tion is the interval between the ‘boh’ 
pas.sing through the centre of its swing in 
the same direction on two consecutive occa¬ 
sions. The centre of the swing should be 
marked in some convenient way. Swings 
should tlien be counted over some pre¬ 
determined interv'al and the counting be 
continued until some convenient number is 
reached before the total time is obsen-ed (p. 26). 
In timing the swings with a stop¬ 
watch it is advisable to start counting at 3 and to count backwards to 
zero, when the watch is started. Then if the total minimum internal 
chosen is 80 sees., and the approximate period of swing is 2/3 sec., 
counting and timing proceed thus :— 

'I' i 'V 

. . 130, or 140, or 150 





3. 2, 1, 0, 1, 2, 3 


( 121 ) 


so secs, approx. 

The watch is started at 0 and stoppe<l at 130 or 140 or 150. 

Take not less than six different lengths ranging from about 30 cm. 
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to 100cm. or 120 cm. and observe the perioil for each leiiKtli. The angle of 
swing must be small. Enter the observations thus ;— 


Lon^tli 1 


j Tiiin* T 

t roriod 

1 

/ 

1 

Mrafi of 

in <*m. 

of Swings 

1 observed | 

1 1 

^ = T/n 

sec.* 

cm. scc.“* 

/ 

1 





1 

1 

! 

1 

1 

1 


From the mean of /,7- (piven in the last column) a 
latcd in cm. per sec. per sec. or 

Acceleration tlue to gi-avit\', g = ”*(^ 2 ) = cm. 
Plot a graj)h using values of I as abscissa?, and 


\ aluo of g is calcu- 
sec.“- 

tho corresponding 



values of as ordinates. This should be n straight line passing through 
the origin, showing that I is proportional to 


DETERMINATION OF g BY SPHERE ON CONCAVE MIRROR 

An interesting example of periodic motion, involving the Moment of 
Inertia of the moving body, is afforded by the present experiment, in which 
a sphere rolls on a concave spherical surface. The motion of the ‘ bob ’ of 
a simple pendulum is along the arc of a circle of radius equal to the length 
of the string, and the bob is assumed to be so small that only its trans¬ 
lational or to-and-fro motion need be considered. 

A sphere rolling over a concave mirror has a motion similar in all 
respects to the motion of the bob of a simple pendulum, with the exception 
that the sphere rolls, or rotates as it moves forward. Thus, in dealing 
with a sphere rollitig over a concave mirror, wo must take the motion of 
rotation into account, as well as that of translation. In either cose, the 
Kinetic Energy of the moving body at any point is equal to the Potential 
Energy it has lost in falling from the end of its swing to the point in question. 

In the case of the simple pendulum, where the motion is one of pure 
translation, the Kin etic Energy is and the Potential Energy lost 

= jngh I 


or 


= Tngk, 
V* = 2gh. 
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In the ciisci (tf the splH-rt- rnlliiip on the mirror the Kinetic Energy 

=.\mrr ' U an.l tlu* Potential Energy lost = m<jh ; 

• • • 

Xou- the Moment of Inertia (I) of ii sphere about its centre is pna*, 
aiul the o<jU4iUou hc^conu'S 

iru/fi = 

\cain the point of contact with the surface is at rest, therefore the 
linear velocity of the centre (e,) is cipial to the angular velocity («) times 
the railius of the ball (o), so that ns on p. IIU, 

r, = ojfi, 

= tu-u*. 

Tlie eipiation with regard to the motion of the sphere on the concave 
tnirror thus reduces to the form 

mijh = 5»ir|*+ J • 

= I • gmi’i*, 

or = 

Thus, if a simple pemhilum bob and a sphere on a concave mirror trace 
out similar pailis. the velocity of the sphere is always less than the velocity 
of the peiiilulum bob in the same position. 



FiO. 90.—Simple PoDdulum and Sphere ou Concave Mirror 


If e = thc velocity of the pendulum bob, and r| = the velocity of the 
sphere at the same point, then t’* = '2fjh, and 

80 that at all points in its path the velocity of the rolling sphere is only 
Vr of the velocity of the pendulum bob. 

Therefore, to complete any given motion, the sphere will take Vi the 
time taken by the more rapidly moving pendulum bob. 

Now the period f of a simple pendulum = 2 -. 

Tliereforo in going over a similar path, the period of the rolling sphere 
(/,) will be t X Vi. or = 

The path traced out by the sphere is a curve of radius (R-a) where 
R = the radius of curvature of the mirror and a = the radius of tlie sphere. 
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The length of tlic simple pondiiluin, the bob of wliich would trace ont a 
similar path, is (R - n). 

The [)eriod of tlie similar siin|)le pendulum is thus 




(R - rt) 

U 


The period of the sphere on tiie mirror is of this, so that 




•J 


Expt. G7. Determination of ? by Sphere on Concave Mirror.—Measure 
the radius of curvature of the miri-or by means of a spherometer, and the 
ra<lius of the ball by callipeis. \\’ipe away all dust from the surfaces of 
the sj)hero and the mirror. Take tl>e time for 10 or 20 complete oscilla¬ 
tions of the ball on the mirror !)>• means of a stop-clock, and detluce tlio 
time of oscillation. Repeat these observations for determining the 
period tliree times. 

Calculate (j in cm. per sec. pc*r .sec. from the formula 


. = 2^7 i 


(R-a) 


y 


or 


^^)cm. .sec. ®. 


COMPOUND PENDULUM 

When a rigid body is supported so that it can ttirn about a liori- 
zontal a.xis, it will oscillate about an equilibrium position (sec the 
discussion on p. 127). 

Let = denote the Moment of Inertia of the body about a 
liorizontal axis through its centre of gravity, G (Fig. 85). 

The body is supposed to be oscillating about an axis at right angles 
to the plane of the paper through O. The point 0 is called tiie Centre 
of Suspension. The Moment of Inertia about the axis through O is 
given by + =Uik-+ h^), where A=0G. 

The time of vibration of the compound pcndiilnm has been shown 

on p. 127 to be _ 

2 Vi’ 


t 


f>G 


The length of the simple pendulum that vibrates in the same 
period is 

I — 1 • 


This is called the length of the simple equivalent pendulum. 

If the whole mass of the body could be concentrated at this distance 
from the axis of suspension, at a point in the line joining OG produced, 
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the periotl of oscillation anti the equilibrium position would be un¬ 
altered In FiR 01 the distance OG=A, and the length of the corre- 
snoruiing simple pendulum is h = + A,. If the distance 00, is 

etpial to li O, is called the Centre of Oscillation corre¬ 
sponding with the Axis of Suspension at 0. 

The distance fu from G to O, is given by the 
relation h^ + h 2 = l\y so that 

WI + //2 ^ > 

or A,A2 = A'^. • • • 

Tins symmetrical relation is important. Adding 
to eaci» side, we have 

h^ + hyh^ = +Ao", 

, , k--¥h^ 

or fi 2 + hy — —7 . . • (■*) 

"2 

J^^ow is the length h of the simple pendulum, which has the 

same period as that of this body when suspended about O,. Equation 
(2) shows that Ii=l 2 and so the period will be the same whether the 
body is suspended about 0 or 0,. This is equivalent to saying that the 
centre of suspension and the centre of oscillation are interchangeable. 

Locus of points for which t is constant.—There are other axes about 
which the body will oscillate in the same period as about 0 and 0,. 

If we describe two circles with centre G and radii A, and Ag, any 
parallel axis of oscillation taken on either of these circles would 

give the same value for t. 

Variation of t with A—Minimum Period.— 
suspension passes through the Centre of Gra¬ 
vity, the periodic time becomes infinitely great. 

If the axis is at an infinite distance the periodic 
time is again infinite. Consequently there must 
be some intermediate position for which the 
periodic time is a minimum. Now t will be a 


When the axis of 


minimum when — .— is a minimum. 


But 


^ (k-hr- + 2kk ^ {k-hf ^ 



Fio. 02.—Locus of Points 
for which i is constant 


This is clearly a minimum when k = k\ 

Tlie length of the simple equivalent pendulum in this case = 2/;, and 

OG = OiGsk, or A, =h 2 ~k. _ 

12k 

The minimum period is t^ = 27T^ 
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More than a century ago Captain Kater constructed a pendulum 
which could swing about two knife-edges at unccpial distances from G, but 
adjusted so that the periods were \ery ncail\- equal. \'ery accurate 
determinations of g could be obtained by using his method. 

A simjjlo form of pendulum de.signed by 1). Owen in 1030 was in the 
form of a bar along which could slitle a light carriage carrying the knife- 
edge. \\'ith n stop-watch showing tenths of a 
second g could be determined quickly within a 
few parts in 10,000. 

Expt. G8. The Compound Pendulum.— 

To illustrate these results, a bar about 1 
metre long, in which holes liave been bore<l at 
c«jual distances (about 2 cm.) along its length, 
may bo suspended from an axis which must 
bo made liorizontal (Fig. 03). 

i. Take the periodic time for every tliird 
hole, starting from ono end of the bar, noting 
the time for oO complete swings. 

ii. Plot a curve showing tlic periodic time 
at tlifferent tlistances from the Centre of Gra¬ 
vity. It will consist of two symmetrical 
brandies corresponding to the two lialves of 
tlie bar, showing a minimum period for the fio. 03.—liar PoniluUira 
points A and B. 

iii. Find the holes on the bar corresjionding to these minimum 
periods and determine very accurately the period for the two holes on 
cither side of that giving t a minimum, and also for the hole corresponding 


Period 



Distance from centre of bar -r- Distance from centre of bar 

Centre 


Fio. 04.—Graph for Compouna Pendulum 

with the minimum itself. At least 100 swings should be taken for each 
of these five holes, so as to get very exact points on the curve in this part. 
Find k from the positions of A and B ; 



Ap = AK = BK. 
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iv. I'in.l point, stnh as C, D, K. an,I F in FiR. 94. tor which the 
prri<Klu* tinio is tho suiiu*. 

'J'lu-ii if C’H is taken as /(,. UK is h^. 

Also HF = A, mid IID - 

Calcvilato tlio ratJius of gyration from the formula 

Fiiul the length of th«^ sim[)le e<iuivalont pendulum 

/ = A, F A 

and ealcuiatc g from the formula 

t-V'- 

\-. Find the ininiinuin periodic time corresponding to the points 
A. H in the graph an<l caleiilate k from the formula 

assuming 7 = 081 cm./see.*. 

\ i. Find the mass M of the ho<ly anil calculate its Moment of Inertia 

I = MI* 


'Phe values of k obtained in iii, iv, and v should all agree, and 
should he approximately etpial to the length of the bar divided by 
\ 12, if the breadth of the bar is negligible eompared with its length 
(Appendix, p. 500). 

Exit. ( 50 . Determination of Modulus of Rigidity by Oscillation.-— 
Suspend a bar or a di.sk, or some other body of knou'ti Moment of Inertia, 
from a wire wliicb is fixed firinlv at its tipper end. 

Determine the period of o.scillation of the body when moving as a 
torsion pendulum. 

Measure the length of the wire and its radius. Calculate the -Moment 
of Inertia of the suspended bo<ly from its mass and dimensions. 

Deduce the value of the Modulus of Rigidity from the equation 

« /"Sir 


or 


SttI/ 



Compare the Moments of Inertia of two bodies by using them as torsion 
pendulums from the .saine wiix'. 



The same wire is usc<l, therefore 



Expt. 70. Determination of ^ by observing the Period of Oscillation of 
a Mass suspended from a Spiral Spring.—Susj>end a mass from a spiral 
spring. Note the elongation I it produces when applied gently. Observe 
the period of oscillation of the mass when vibrating vertically. 

Calculate g frem the expressiou t — 2-ny/lfg (p. 129). 



CHAPTER X 


GASES: THE BAROMETER AND BOYLE’S LAW 

§ 1. Properties ok Gases 

A gas differs from the other forms of matter in that it tends to fill any 
space in which it is confined. However small the quantity of gas con¬ 
tained in an enclosed volume, the gas distributes itself so as to fill the 
volume. This property is the most striking property possessed by 
substances in gaseous form, and may be described as their expansibility. 

In the present chapter we shall study only the gaseous phenomena 
associated with constant temperature, leaving the investigation of the 
effects of change of temperature to the section on Heat. 


BOYLE’S LAW 

When the volume of a fixed mass of gas is changed, the 
exerted by the gas alters in a definite way, and, provided the tempera- 
txire is maintained constant, the pressure varies inversely as the volume. 
This relation may be stated conveniently in the form 

Pressure x Volume = Constant. 

This law was first enunciated by Robert Boyle in 1662, and is 
known generally as Boyle’s Law. It was stated, however, by the 
French physicist Mariotte fourteen years later, and was known on the 
Continent of Europe as Mariotte’s Law.' 

It will be seen that, in order to investigate the phenomena presented 
by a gas at constant temperature, we must be able to measure its 
volume and its pressure. 

The measurement of volume presents little difficulty, but that of 
pressure requires some explanation. 

§ 2. Measurement of Atmospheric Pressure 

Before dealing with the measurement of the pressure of gases in 
confined volumes, the first point to realise is that the air exerts a 
considerable pressure. 

> See Tail’s Propa‘iit4 of MatUr^ Appeodix IV. 

137 


13S 


A TEXT-BOOK OK FHACTICAL PHYSICS 


TT. I 


THE BAROMETER 




Mercury 

level 


Hb 





'I’o show this, a lony tiihc of glass about 1 metre in length is closed 
at one end ; it is then filhsl with mercury, and inverted so that the 
utifloscrl ond is beneath the level of a bath of mercury in a trough. 

At once the mercury falls down a little way 
from the top of the tube, although no air or 
any other substance is admitted. The mer¬ 
cury does not run out of the tube entirely ; a 
considerable column, about 75 cm. in height, 
remains in the tube, this column being sup- 
])oited by the pressure of the atmosphere. 
A Tube of this construction is called a 
Barometer Tube. 

Cotiskler the pressure at the point A in 
the tube (Fig. 95) at the same level as the 
free surface of the mercury outside. Above 
thi.s point is a column of mercury h cm. high 
and of density p, exerting a pressure at the 
})oint A ccjual to hpg dynes per sq. cm. Above 
the mercury inside the tube, the space B is 
vacuous, except for a minute trace of mercury 
vapour, the effect of which is negligible. The total pressure exerted at 
the point A i.s therefore that due to the column of liquid alone, 

that is Pressure inside tube at A = hpg dynes per sq. cm. 





I [0. —Shn[»|i' fctrrii' of 


Outside the ttihe, at the surface of the liquid, the only pressure 
a< ting is the pressure of the external atmosphere. 

Now, at all points on the same level in a liquid, there is the same 
pressure, hence the pressure at A inside the tube is exactly equal to the 
pressure at the surface outside, since A is at the same level as the 
external surface. 

The prcssvire at A is hpg ; the pressure at the surface of the liquid 
outside i.s the atmospheric pressure. 

Therefore the Atmospheric Pressure dynes per sq. cm. 


The Density of Mercury is approximately constant over the small 
range of temj)erature through which the atmosphere varies, and it is 
customary, therefore, to speak of the pressure in cm. of mercury. 
Strictly speaking, tlie expression of the pressure in this way should be 
in terms of the length of a column of mercury at 0° C., but for ordinary 
purposes the variation of density is so small that the correction for 
temperature need not be applied. When required, it can be calculated 
without much difficulty (p. 142). 
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Flirtlier, the value of g is not uniform over the whole of the earth’s 
surface, and a correction for latitude and height above sea-level should 
be introduced, to bring tiie height of the mercury column to what it 
would be at sea-level in latitude 45®. This correction is never required 
except in work of the highest degree of accuracy. 

Since f> and g may be considered approximately constant, the Atmo¬ 
spheric Pressure can be described as equivalent to a certain height // 
of mercury, this height being called the Barometric Height. It is the 
height of the column of mercury supported by the atmosphere in a 
barometer tube constructed as described. 

The Meteorological Office now expresses atmospheric pressure in 
units that are multiples of the absolute C.G.S. unit, and some modern 
barometers are graduated so that the pressure can be read directly in 
such units. 

The unit of pressure used in practice is called the bar, and is equal 
to one million dynes per sq. cm. Two smaller units are also used, the 
centibar and the millibar, being respectively one-hundredth and one- 
thousandth of a bar. 

The bar is equivalent to a pressure of 75 01 cm. of mercury atO® C. 
in latitude 45®. 

A standard atmosphere (76 cm. of mercury) is rather greater than 
one bar, being equal to 1013-2 milli bars. 


COMMON TYPES OF BAROMETER 

U-Tube Form.—For rough work a simple U-tubo form of barometer is 
sufficiently good (Fig. 95). The free surface iik A corresponds with tlie 
surface in’the trough in the type already describerl. The tube is bent near 
the top, so that the two mercury surfaces of which the difference in level 
is to be'measured are in the same vertical line. 

These portions of the tube should be of fairly wide diameter, and 
equal to each other in bore, so as to avoid any error in the height observed 
due to surface tension effects. The heights are read on a scale usually 
engraved on the tubes themselves, and the Barometric Height is the 

difference between the levels B and A. 

The accuraev obtainable with this form is not very great: the error 
in each reading' may be as much as linlf a millimetre. As tivo readings 
have to be taken, the possible error is thus equal to one millimetre. 

Fortin’s Barometer.—This barometer is usually to be found in 
physical laboratories where accurate observation of atmospheric 
pressure is required. The apparatus does not differ from that of the 
simple type of barometer tube first described (p. 138). except in the 
manner of taking the readings of the two levels of mercury. 

Expt. 71. Reading Fortin’s Barometer.—To determine the height of 
the mercury column two adjustments are necessary. 

(i) Adjustment of the Reservoir.—At the bottom end of the tube the 
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itn'n ui‘\' rnrnod iti n l»‘atln'r baj;. which can bo altered in shape by a 
-(■i. u A (I'l-. 5 Mi) IxanuK "Kaiiist its base. Fixed to the framework of 

tile Imroineter is a small ivory point P which is tho zero 



of tho barometer scale. 

'I'he meicur\- surface is adjusted up to this ivory 
point by turning the screw A. the adjustment being 
made until th(‘ point and its image (reflected in the 
rnercui’v) are just seen to touch u'ifhout any dcprennion 
fuiny risihlt: in the tnrrcnry anrface at the point (Fig. 08). 
An c'Xtremely fine adjustment is thus rendered possible, 
if tho mercury surface is suitably illuminated. 

(ii) Adjustment at the Upper Surface.—At the upper sur- 
fa<'e tlie adjirstment is not eptite so simple. Round the 
gias-s tubi* is litteil a bra.ss tubeS, which is moved up and 
down by a milled heatl B (Fig. 90) at the side of tlie 
apparatus. This tube has the bottom e<lgo cut so that 
the l)ack D and front C of the bottom etlge are exactly on 
tlie .same level (Fig. 100). If the eye is placed below the 
l(‘\ el of these two, tho back edge can he seen as well a.s the 
front. .As tlie eye is rai.sed, the back edge gradually shows 
lcs.s and le?vs, until wh<n the eye is exactly level -with the 



bottom of this movable tube, the back 
ttlcje is Just covered by the front edge. 

The eye sliould be placed in such 
a position that the back edge is just 
covered by the front edge in tliia 
wav. 

Tho brass t\ibe should then be 
inoved until the front edge is just 
on n lo\'el with the top H (Fig. 100) 
of the curve or ' meniscus * formed 



Mercury 
too few 




l.| 0 , 00.-^Fortin's 
JJaroinottT 


Fmj. Ilescrvolr of 
Fortin's Darometer 


Fio. 08.—Adjustraent of Reservoir 


by the mercury .surface, keeping the eye exactly level with the edge of 
the tube as it moves. 

Note.—I f the eye is placed too high, the back edge will be covered 
by the front edge ami the adjxistment will be inaccurate. It is therefore 
important to raise the eye until the back edge only just disappears behind 
the front ; tliis i.s the only test of accurate level. 

\\ hcu the movable tube has been adju.sted accuratelv, the slightest 
movement of the eye downwards should bring the back edge of the 
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tube into \’io\v, ^\'her^ tlio C‘>‘C is raiscNl to the correct lo\cl again, the 

nhclcile of tlie front edge shouhl just be langiaitial to the surface of the 
iiiercur_\-, a little light bt'ing seen througli between the edge and the 
mercury sui-fuce ut the sides. 

The .small bra.ss tube carries a vernier scale the zero of which is le\(“l 
with the lower edge : this edge usually projects downwards just at the 
sides to a\‘oul w<‘ur on tho corner. The frame of the 
instrument carries a .scale along which the vernier 
slides, a!id the reading of tho vernier on this scale will 
give the po.sition of the surface of the mercury. Tho 
scale is graduatotl only over a few centimetres near 
the top, but its zero is the ivory point in the lower 
l•escrvoir. Hence the rea<ling of the scale shown by 
tlio vernier gives the Barometric Height. 

Read and record the Barometric Height a.s given 
by tho scale and vernier. 

Among other forms of barometer in common uso 
i.s the recording U-tubo t\’[)e, which records tho 
motion of tho level in the lower tube by a float 
which i.s geared to a pointer. Another form is like 
Fortin’s in construction, but ha-s no ailjustment of 
the reservoir, tho divisions on the scale at tho top 
being made not quite true inches or cm., in order to 
compoiLsato for the alteration in level in the re.servoir. 

Neither t^'pe is of any value for scientific work. Ki<;. oa.—Hun.meter 

SraJi*'? iiDtl ViTtjliTA 



The Aneroid Barometer.—A very convetiient type of l)aroTneter, and 
one which, in its modern form, is capable of considerable accuracy, is tlie 
Aneroid. It consists of a metal vessel which is evacuated cfunpletely and 
hermetically sealed. .Any variation in barometric pressure will deform this 
vessel .somewhat, the deformation produced being proportional to the change 
of pressure (see Hooke’s Law. p. 8C). By levers atid watch-gearing, this 
slight deformation is magnified so as to move a pointer over a scale, and 



Fio. 100.—Adjustment of Vernier 


by the motion of this pointer the variation in the Barometric Height 
can be obtained. 

The apparatus is of course not absoluic ; it has to bo calibrated by 
comparing its indications with a mercury baiometer of tho Fortin type, but 
when once calibrated, it can be relied on to give consistent rea<lings for an 
almost unlimited time, and with well-made watch-gearing is quite free from 
‘ back-lash ’. As it can be constructed in a compact form, it is extremely 
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ulnT<> pinuibility is dosirablo, tliounh it s»ibjecO‘<l to considerable) 
\nriMtitms of its reueliuK^ "ill “‘Jt be <jiiito accurate, 0:3 the 

i lasticity of tlie metal ve.vsel is uaocted by tempernt me. 

Kxn-. 72. Measurement of the Height of a Budding using an Aneroid 
Barometer.—Take au Aneroid Barometer with u finely divided scale and 
observe the dijjtrcncc between its readings when at the bottom and at 
the top of a building. Bet the observed difference be z cm. of yntreury. 

This differenco corresponds with a clitTerenee of level in air equal to 
the height of the huililing A (.say). For small dinerenees in level the air 
inav hi- treated as a lluitl of approximately uniform density. J he difference 
in pn.ssure hetwccai the two jioints would then be hp^g, p, being the density 
of t ho air. 

'riiis (lifToroiicc in pre<^'^iiro has boon measured by the Aneroid Baroinoter, 
and f.)un<l to ho that exerted hy a column of mercury x cm. long. 

'I’lius Ap, 7 = zp'f. where p i.s the dctisity of mercury. 

Xegleetiiig slight variation of Pi due to toinperature. we may with 
sullieient accuracy take p=i:iG and p, = 0-0 Ul2 'J. botli in gin. per c.c., 
and we obtain 

, 13 0 

' 0 00129 


\’<>rify the result obfaineil by actual mea.surcinent. 

Aneroid Barometers for nioimtaineering are often graduated directly in 

Jut or nte/rcs. 


CORRECTION OF A MERCURY BAROMETER FOR 

TEMPERATURE 

The roinling of a barometer recjuires conecting for temperature, in 
order to exjire.ss the pressure of the atmosphere in cm. of mercury at 
o'’ C., or iu dynes per sq. cm. 

Let the Barometer Heading be II cm. This reading is really not 
ohlained in em. hut in sctilf divisions, the scale divisions being cm. only at 
.some tempeniture V (usually IS'’C.). If the temperature of the room 
is C., each division is of length {1 + />(/ - f^)} cm., where 6 is the coefficient 
of limar expansion of the scale (usually of bra.ss). 

Tlie ailudl hvifjht of the mercury coUiinn is thus 

H, cm. = H{ 1 + 6(t - fg)}. cm. 

We liave therefore a column of mercury of height Hj cm. at a tem- 
pi-i at lire t' ('. 

It is reijuired to find wliat height of mercury Hg at 0® C. would exert 
the same pressure as this column H, exerts at C. 

'Pile pressure of Hg cm. of mercury at 0’ C. i.s 

HgPg #7 dynes per sq. cm., 

Pg bi‘ing the density of mercury at 0® C. 

The pressure of the column Hj cm. high at t° C. is 

H,p,g dynes per sq. era., 

Pi being the density of mercury at C. 

We have to find Hg such that 

HgPgj; = HiPip. 
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Now = p^{\+a(), where a is the coeflicient of cubical expansion of 
mercury. 

H./>, H. 


Hence 




“ P, \-ot' 


so that substituting for II, in terms of the reading H we ha \’0 

« 1 + 0 /' • 

W'lien this value H,» the e(jui\-alent height of mercury at 0^ C., luis 
been calcvilated, the pressure in dynes j>er sq. cm. can be obtained from 
the eijuation 

Po i« 13-59(> gm. per eq. cm., g is 981 18 dynes per gm. or cm. per si;c. 
per sec. (in London). 


Hence 


P = H^ X 13-59G X 981 18 dj’ne.s per sq. cm. 


A numerical example may be of assi.stance in exjjiaining this nu^thod 
of correcting the Barometric Heiglit for temperature. 

A barometer with a brass scale reads 75-933 cm. at 18’ C. The st-ulo is gradu¬ 
ated to be accurate at 15° C. What is the hciglit of the barometer reduced to 
0° C. ? Also what is the pressure of the atmosphere in dynes per sq. em.t 

The coefTicient of linear expansion of brass= 0-0000l8‘.> per 1’ C. 

The coefficient of cubical expansion of mercury = 0-U00180 per 1“ C. 

„ 75-03.3(l-l-0-0000189(18’ - 15’)) 

"o- (14-000018 x 18) 

75-933(1 4-0-0000567) 

1-i-0-00324 

This can bo written os 

Ho= 75-933(l-4-0-0000567)(l -0-00324), 
and then os Ho= 75-933(1 4-0-0000567 -0-00324) 

to a very close degree of accuracy, and we obtain 

Ho= 75-933(0-99682), 

whence Ho= 75-600 cm. 

The pressure in dynes per sq. cm. in the example given is 

P= dynes per sq. cm. 

= 75-690 X 13-506 x 981-18 
= 1,009,700 dynes per sq. cm. 
or 1009-7 millibars. 

Expt. 73. Determination of the Atmospheric Pressure in Absolute 
Units.—Read the lieight of the barometer as in Expt. 71. Read the 
temperature of the barometer by means of the thermometer attaclied. 
Apply the correction for temperature as in the foregoing example, so as 
to find the pressure of the atmosphere in cm. of mercury at 0” C., and 
deduce the pressure in absolute units. 

Correction Table for Thermometer Reading.—It is convenient to 
calculate in this way the correction that has to be applied at eacli 
temperature from 0® to 25® C., and to have this arranged by the side 
of the thermometer for reference. If the corrections are calculated for 
a reading assumed to be 76-0 cm., they will be sufficiently accurate to 
apply to all ordinary barometric readings without modification. 




144 A TEXT-BOOK OF PRACTICAL PHYSICS it. i 

Formula for Correction at any Temperature.—Tlie correction is ex- 
]>t'css(‘(l sometimes also in the form ; deduct B cm. from the reading 
obtained, and from the remainder subtract C cm. for every degree above 
O C. A formula of tins tyi[)C can be worked out without much difficulty 
as an exercise on the equation 


This gives = H(1 -bt^ - (a -b)l). 

B (above) is an approximately constant quantity, and is 

worked out for H = 76 cm. 

(' (above) is H(a-6), and is also approximately constant; it is 
worked out on the supposition that H =70 era. 


§ 3. Pressure of a Gas i.v a Closed Volume 


The measurement of the pres.sure of a gas in a closed volume is 
usiially achieved hy means of a U-tube containing mercury. One 
side of this eorainunicates with the cliamber within which the pressure 
is to he mea.surcd, and the other is open to the atmosphere. Fig. 101. 

'rhe iliffereuce in level between the mercury surfaces hi the \J-tuhe 
iiidlritif’.'i the difference between the pressure inside the space and the 
atmospheric pressure outside. 

Thus, if the pressure inside the space C is P (cm. of mercury), 

and the atmospheric pressure (or Barometric 
Height) is H, the relation between P and H is 
given by 

P = H + (B-A). 

If B is below A, (B - A) is a negative quantity, 
so that the pressure P is less than H. 

If desired, the above expression can be rewritten 
as P = H - (A - B) to suit this case : the two ex- 
pressions are algebraically identical, and both 
perfectly general. 

Sometimes, where it is desired to avoid 
rending the Barometric Height, the surface B is exposed to an evacu¬ 
ated chamber, when 

P = B-A, 



Fio. loi.—Measurement 
of Prcjwuru 


but this method is rarely used. 

When the tube B is open to the atmosphere it is necessary to read the 
barometer as well as the difference in level betweeri B and A before the 
pressure in the chamber C can be measured—this point must be noted 
specially. If during the course of an experiment the Barometric Height 
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varies, the cjuaiitity H used in the later readings will he different from 
that used earlier. 

Strictly speaking, the barometer sliould be read immediatehj after 
every observaiioa of corresponding values of B and A, though this is not 
reejuired except in the most accurate work. The barometer should, 
liowever, be read both before and after any exj)eriment on gases, and 
the difference distributed among the observations, accortling to the 
order in wliich they were made. 


§ 4. V’erification of Boyle’s Law 

To verify Boyle's Law {p. 137) a quantity of gas is onclose<l in a gla.s.s 
tube, and is separated from the external atmosphere b\- a column of 
mercury. This mercury is contained in a flex¬ 
ible rubber tube, joining tlie tube containing tlie 
gas to a glass tube in which the level of the 
mercury exposed to the air can be seen ; or, 
a.s an alternative arrangement, the two gla.ss 
tubes may be sealed together, and both con. 
nected with a movable reservoir as shown in 
Fig. 102. 

In the best forms of instrument the closed 
tube containing the air Is graduated in c.c., a 
burette calibrated to the tap being convenient for 
this purpose. If this form of burette is not avail- 
able, however, a stpiare-erKled glass tube of iiniform 
bore may be used, the volume of air it contains 
being proportional to the length of tube between 
the level of the mercury an<l the square end. 

The nf)paratus of the burette type is more 
convenient to adjust and to read than this 
simpler form. If great i)recautions are to be ^ 
taken, it may be fitted with a drying tube, so 
that the air in the tube can be quite dry before 
closing the tap. It is important that the tap 
should fit very accurately, otherwise leaks will 
occur at liigh pressures, and the quantity of gas 
experimented on will be changed, thus vitiating 
all the readings. > 

Exi*t. 74. Verification of Boyle’s Law (Ap¬ 
paratus I).—The method of using this type of 
apparatvis is as follows :— 

The taps A and B are both opened, and p,o 102.—Boyle's Law 

mercury is forced up the burette to the tap B by (Apparatus I) 

raising the reservoir C. Air i.s then allowed to 

enter through these taps by lowering C again, till the burette is filled to 
D witli air. About 30 c.c. of air should be admitted between B and D. 

The tap A is closed, and the air all forced up into the drying tube 
again by raising C till the mercury reaches B. 

Tlie gas is left between A and B for a few minutes to dry it com- 
pletelv, and C is then lowered till the level of the mercury in the burette 
is at D again : by this means BD is filled with air which is practically 





PT. I 


140 


A 


TKXl' IJOOK OF PRACTICAL PHYSICS 


,1,,. » is II,on Hose-l s„ a.s t„ confino « .lefinite quantity of air bottveen 

prosHure is efjual to XUo [iressuro oxerte<l on it. 

TU. K.V.-I of tho tnorc-urv in tlie other tube (F) will be the some as the 

'■■'■‘it tr a,a,l'-ib: 

t ho level in the burette is K. the pressure on tlie ga.s inside the burette i. 

P=IU(F-E). 

\v)i(>ro H is the Barometric Heiglit. ,• * i 

The levels F and E are rea.l on a vertical scale placed immediately 

behind tlie tubes. .i <• 

Pressures both above nii<l below atmospheric can be used m ^ 
of apparatus if the l.uretto ami the side tube are 

J..VO S F' and F/ being two corresponding values, when the prtssuic 
IhVow atmospluM-ie! inch a case is Obtained by lowering C to some position 

such ns tliat shown dotted (Tig. 102). n or..l r' etc 

The volumes V arc tlie spaces between B and E. B and E , etc. 

A.lju>t the level of the reservoir to several different j^P 

half the observations are niade with pressures below and halt ^Mtll 

pressui't's above atmospheric. 

Calculate the total pressure in the burette in each case (the barorneter 
must bo rea<l before tliis can be done), and note also the PV^nt 

gas ill tlie burette under each jiressure. Show that the pioduct P\ 
Pressure x Volume is the same for each adjustment made. 

Arrutige yoiu* oh.soi vntions thus— 


liaroinctric Pres^suro — H — . • . cm. 


iti 

Sitlf Tube 1*' 

1 

Uvudinu Ui i 
llurettv 

% 

i 

1 

F-E 

Tot.il Fp'ssurc 
» H - <F- E) 

« V 

Volume of 
Ua^ V 

PV 



(Half these 
quantities 
will be 
negative.) 

1 




Be careful not to add F - E in cm. to H measured in mm. Both H and 

(F - K) must be in cm. i. xu x •* 

If the tulie enclosing tlie gas is not provided with a tap at the top it 

may bo filled with gas and the experiment then carried out as already 

described. If. however, it is required to obtain observations at pressures 

below atmospheric, the tube will have to be heated considerably before 

closing with mercury. 

The tube must be allowed to get quite cold again before the experiment 
is commenced. 

Adjustment of the quantity of air in the tube in this way is not very 
easy, and frequently leads to fracture of the tube : it should never be 
attempted by the student. 
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Where tiie apparatiis with the burette and tap is not available, it is 
often preferable to use two forms of apparatus for verification of 
Boyle’s Law instead of adjusting the quantity of air as 
described above. One form of apparatus may be used 
for pressures above, and the other for pressures below 
atmospheric. It is advantageous to use apparatus of 
these two forms even where the first type described is 
also used. A greater total variation of pressure is pos- 
sible when two such forms of apparatus are used than 
with the single form described, and thus the law is 
verified over a wider range. The student is also made 
familiar with different forms of apparatus which may 
be used for the measurement of gas pressure. 

Expt. 75. Verification of Boyle’s Law, Apparatus II 
(for Pressures above Atmospheric Pressure).—The present 
apparatus is used for verify ing Boj le’s Law for cases in 
which the pressure is greater than the pressure of the 
atmosphere. 

The air to be experimented on is contained in the 
glass tube A. The lower part of this tube is in connec¬ 
tion with a reservoir of mercury C and a pressure tube 
B. A certain moss of air is enclosed in A at a pressure 
equal to the atmospheric pressure plus the pressure due 
to <lifierenco of le\-cls in A and B. The atmospheric 
pressure must be found by reading the barometer ; let it 
be H cm. of merc»iry. The volume of the gas may be piQ. los.—uoyWt 
taken to be proportional to AE meastired on the scale ' 
attached to the apparotus. The position of the top of (Apparatus tl) 
the tube A containing the gas is noted on the scale. 

If we raise the reservoir the pressure on the air in A is increased 
and the volume diminished. 

The pressure is equal to the pressure of the atmosphere plus the 
pressure duo to the column of mercury FE, that is, 

P = H+(F-E). 

The new volume is equal to V, and is proportional to AE. 

In the same way determine the values of P and V corresponding to 
other positions of the mercury reservoir. 

Calculate the values of the products P x V. These should be con-stant 
if Boyle’s law is obeyed. 

Enter the results in tabular form as for Apparatus I (p. 146). 

Plot a curve showing the relation between the pressure (as ordinate) 
and the volume (as abscissa). This should be a rectangular hyperbola. 

Expt. 70. Verification of Boyle’s Law, Apparatus III (for Pressures 
below Atmospheric Pressure).—^This third type of apparatus used for the 
verification of Boyle’s Law enables us to work over a wide range from 
atmospheric pressure downwards. 

A very convenient form consists of a uniform glass tube, which can be 
raised or lowered inside an iron tube filled with mercury. The iron tube 
widens at the top into a bowl-shaped vessel, this widening enabling the 
inner tube to be raised or lowered considerably, without causing any large 
change in the level of the external surface of mercury. 
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•I I . .. M... ni tlu- -'as in ihr Innor (glass) tube is less than atmospheric 

l.> tl... l.oiKht U. « l,i< h tl„- in tl.o in.u-.- stu.nis „Ik,v>, 

tl\e U-\el oi the im-renry outside. 

'['his is measure.! bv adjv.sting a steel pin, fixed to a yeOical metre 
scale (Fig. IIO), until its i>oint just touches the surface of the ineicui> 

of the column inside the tube is given by the remling B 

[Fill loi n/l- the length of the pin (x cm.). 'Has .s the amount by 
* which the pressure of the ga.s inside i.s linn 

than the atmospheric pressure. 

The volume of the gaa is proportional to 
the length of tube it fills, if the bore is uniform. 

A mark on the neck of the tube just be¬ 
neath the tap represents the ‘ equivalent top 
of the tube, or where the top of the tube 
woul.l bo if il were of uniform seclwn all the 
uatf up, and of (he same volume as the actual 

volume. 

The distance between this mark and the 
level of the mercury in the tube is propor¬ 
tional to the volume of the gas enclosed. 

Uepre.sa the glass tube, with the tap 0 'pe}i, 
until the top of the tube stands about 15 cm. 
above the level of the mercury in the trougli. 

Close the tap carefully, pressing it in¬ 
wards gently wliilst turning it, and do not 
touch it again during the whole of the experi- 
7 uent, otherwise more air will bo atlmitted 
into the tube, and the mass of gas used will 
thus be altered. 

The prc.ssuro of the airenclosed inthe tube 
is now equal to the atmospheric pressuie. 

Adjust the metre scale so that the point 
of the steel pin just touches the surface of the mercury in the bowl, and 
find the r.uding on the scale, level with the ‘equivalent top of the 

Raise the tube until the mercury level inside the tube is above the 
zero of the metre scale. Adjust the yiin until it just touches the mercury 
surface in tlie bowl, and take the reading (A) on the scale level with the 
‘equivalent top’of the tube; aUo read the level B of the surface of the 
inercurv in the tube. 

Raise the tube a few centimetres at a time and repeat readings 
A luul B, taking care to adjust (he pin until it touches the mercury in (he 

howl before taking each set of readings. 

Continue this until, if the tube were raised any higher, there would 

be no mercury left in the bowl. . 

At least sir. sets of observations should be taken, distributed um- 
formlv over the range of pressures user!. 

Depress the tube again to the fii-st position in which readings were 
taken. If tlie first readings are not repeated, some air must have leaked 
in through faulty clo.sing of the tap, and the experiment must bo repeated 
after seeing that the tap is properly closed and air-tight. 

Head the barometer and express the pressure of the atmosphere in 
centimetres of mercury. 
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Trtbulato the results of the observations :— 

Lengtli of pin, j-~ . cm. 


l" 

j Kradliiff A 

Kcaiiiim n 

P ! 

— Atm. — (U -*-x) 

V..1umr V 

A IV 

, ’ 1 

1 1 

PV 1 

i 


1 

1 

1 

1 1 

1 

1 

1 

1 

) 


The values in the last cohimn should be constant. 

Plot a graph taking the \alues of the pressure ns ordinates and the 
N’nhie.s of tlie volume us abscissa'. The curve should be a rectangular 
hyperbola. 

It is also instructive to plot a graph showing the relation between 
the density of the gas and its pressure. Take the values of the pres.sure 
as ordinates and the reciprocals of the volume as abscissae. Thi.s graph 
should be a straight line. 

In this way it is possible to verify the law of Boyle that the volume 
of a fixed mass of gas varies inversely as the pressure when the tem- 
j)erature is kept constant. 

The law of Boyle is equivalent to sajring that the product is 
constant at constant temperature. This applies to a fixed mass of gas, 
and, in fact, the product PV is directly proportional to the mass of gas 
considered. For unit mass (say 1 gram) of gas this product will have 
some definite value at a particular temperature. Let the density of the 
gas at the chosen temperature be p, then by definition p = l/V, and 
consequently V may be replaced by 1/p and Boyle’s law stated in 
the form 

P/p = a constant (at the temperature). 

The results of experiments on gases at different temperatures arc 
discuB.sed on p. 285, where it is shown that the laws of Boyle and of 
Charles may be combined in a single expression. 
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§ 1. Definition of Surface Tension 

The surface of a liquid acts everywhere as though it were in tension ; 
the analo<^y of a stretched rubber membrane is frequently used to 
illustrate this, but there is one important difference to be noted If a 
rubber membrane is stretched, the tension exerted across any line in 
the membrane is increased as the extension is increased, while no such 
increase of tension occurs in the CJise of a liquid surface. ^ 

The tension in dynes exerted across unit length of any line imagined 
in the surface of a liquid is called the Surface Tension of that Uquid. 

It is measured in dynes per cm. 


Recent work has empliosi-sed the ^'iew that in any interface between 
a solid a liciuicl. or a gas there is a quantity of energy ns.sociated with each 
unit of area. This surface energy may be divided into a thermal port and a 
mechanical part, the latter corresponding to surface tension. 


The surface tension depends not only on the liquid itself but also 
on the medium on the other side of the surface. Thus the surface 
tension of a mercury surface exposed to air is entirely different from 
the surface tension in a surface between mercury and water. The 
effect of the second medium is extremely marked if the mercury is 
put in a weak solution of potassium dichromate. The mercury then 
loses its ‘ mercurial ’ character and exhibits a sluggishness entirely 

different from its mobility w'hen in contact with air. 

Whenever we speak of ‘ the surface tension ’ of a liquid, therefore, 
it must be understood that we refer to the surface tension in a surface 
bounded by the liquid and by air. 


§ 2. Effects of Surface Tension 

CAPILLAEITY 

When a fine tube is filled with liquid and its low^er end is placed 
beneath the surface of some of that liquid in a large vessel, at first 
the liquid will flow down and out of the tube, but eventually a column 

150 



CH. XI 


SURFACE TENSION 


151 


of liquid of measurable height will be left in the tube, projecting above 
the level of the liquid in the large vessel. 

This column of liquid is supported by the tube as a result of surface 
tension of the liquid, and the surface ten.sion can be determined from 
the height of the liquid eolumn and the dimensions of the tube. 

Let the radius of the tube be r cm. and the surface tension of tlie 
liquid be T dynes per cm. At the line where the liquid surface and the 
tube meet there is exerted at right angles to their line of 
contact a force T dynes on each centimetre of that line. 

This force is exerted on the wall of the tube by the 
surface of the liquid, and acts in the liquid surface at 
right angles to the line of contact. Thus, if the tangent 
to the liquid surface at this line is at an angle a with the 
side of the tube (Fig. 105), we have a force acting at an 
angle a to the vertical, the magnitude of this force being 
T dynes per cm. Tension 

This force which is acting at all points at an angle a to the vertical 
may be resolved into vertical and horizontal components. We are 
concerned with the vertical component only since at any point the 
horizontal component is balanced by the molecular forces in the 
wall. There will thus be a total vertical force equal to 27rrT cos a 
exerted by the liquid on the tube across the line of contact, this force 
being exerted downwards by the liquid on the tube. 

There is therefore an upward force of this magnitude exerted by the 
tube on the liquid since action and reaction are equal and opposite, and 
the tube exerts forces on the liquid, across the line of contact, of length 
‘Irtr, such that the total upward force exerted on the liquid by the 

tube is 

27rrT cos a dynes. 

This force supports the column of liquid raised above the level 
outside, hence, if we can find the weight of the liquid column, its weight 

must be equal to the above force. 

Weight of Column raised.—The column is cylin¬ 
drical up to the base of the meniscus. Above this 
its volume is approximately the difference between 
a hemisphere of radius r and the circumscribing 
cylinder. 

If the bottom of the meniscus is at a height h 
iio. 100.—Effects of above the free surface outside, we have 

Surface Tonslon of 

Mercury Volume of column raised =7rr2^ + ^Trr^ = 7Tr“[/( + Jr]. 

Let /t -I- Jr be indicated by 7i'. 

Then if p is the density of the liquid, the Mass of the column raised 
is Trr^A'p grams, and its Weight is -rrr^h'pg d 3 Ties. 
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•27rrT cos a = nrVi'pg, 

T- 

2 cos a' 


IT. I 


Pin 


whence 

For all litiukls which iret the surface, a=0, and therefore cos a = 1, 
so that, in this case, 

1 - 2 • 

The chief exception is mercury, for which a is greater than 00 , 
so that cos a is negative ; thus k is negative in the case of mercury, 
due to tlie negative value of cos a. 

Exit 77. Determination of the Surface Tension of Water by the rise 
in a Caoillarv Tube —( loan a capillary tube carefully with cau.stic soda 
and (hon Mth nitric acid.' uashinu out the nitric acid with considerable 
" VJ vator Place the tube in a (hin glas.s beaker witli vertical 
(luuntitie^ of • containing water. dcpres.sing the tube so 

as to fill it with water and then raising it till a 
column of water is supported in tlie tube. Fho 
water .should never be up the tube, lap 

water should be used rather tlmn distilled water, 
as the surface of the latter Ls often contaim- 
nntod with a lihn of gi'ease. _ 

Measuring the Height of the Coiunm.~Xhis may 
be measured directly with dividers, setting tho 
<lividoi-s .so that when one point is just at the 
^ surface of the liquid in the beaker the other is at 

z Reflection jjjp level of tho miniscus in the tube. 

0/ pin Freciuentlv, however, a cathetometer micro- 

r.„. >«' ' lU... ,.r i„ scope is «se<l. Tlie microscope « 

Cai«ilbrv TuIh- on the mctuscus, then on the point of n pm 

which is just not touching the \yater. the micro¬ 
scope being set so that when the images of the pin and its r^ection are 
viewed through it, the cro.ss-hair is exactly between them. Tiio vertical 
distance through which the microscope has to 

bo raised between these two positions, is meas- ' • 

urecl on the cathetometer stand of the micro¬ 
scope, and h Is thius obtninetl quite accurately. 

Measuring the Bore of the Tube.—The bore of 
the tube is mcoaurerl by drying the tube, drawing 
a threatl of mercury into it, and measuring the 
length of the thread while in the tube. The 
thread is then run out into a weighed watch- 
glass and its mass determined. From this mass 

the radius of tho tube may be calculated, assuming a knowledge of 
the density of mercury. 

Mass of mercury thread = irrH'p', p' being the density of the mercury 
and I' the length of the threarl. 

In measuring the length of the thread, it will be noted that the ends 
of the mercury are not flat, but curved. Measure I the length of the 
cylindrical part of the mercurj' thread and also l + x the total length of the 

' Caustic soda is used first to remove any grease in tho tube ; it is used before the acid because 
the latter can be washed ont more easily with water. To avoid cleaning an old capillary new capil¬ 
laries may bo drawn out after boating a clean glass tube with a blowpipe. 
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throad. l-'iiul hy subtraction a- the length of the two curved ends together. 

Then tlie volume (»f tlio merour\' tlirearl may he taken as nr^l-r“ Ttr^x, or 

o 

Ti-r- j^/+“.rj. 'I'he volume tif the curved ends is obtaiiu-d on the 
lioH tliat tlie ends are heiiiisplieroitlal (oblate like an orange). 

The quantity fthe place of the quantity denoted by /' in 
the formula on p. 152. 

The tube can be tested to see whether tlie bore is uniform or not by mea.suring 
the threu<l in tlifferent po.sitions. This might be done before carrying out the rest 
of tlie experiment, any tube which exhibit.s marketl inequalities in tlie bore being 
cliscardetl. 

.Another method i.s to cut off the tube at the place where the meniscus stood, 
and to mount this in a stand so as to view it in section with a microscope. The 
size of tlie image of the liole as \ iewed in the microscope is ineasurc<l on a micro- 
meter scale in tli«> focal plane of the eye-piece. This micrometer is then califirated 
by \ iewing a standard scale, and finding the nuinl>er of divisions of the micrometer 
eye-piece which correspond with one millimetre of the standard scale, the scale 
being viewed with the microscope in the same adjustment as when viewing the 
tube section. (See p. 22.) 


This tnetliod may not bo n.s accurate as that in wliich the mercury 
thread i.s u.scd, but it is more suitable for an elementary laboratory. It j’s 
good practice to draw out capillary tube.s from a glass tube that has 
pre\ ioiisly been well cleaned. Capillaries which have not the shine rlia- 
meter in different directions shoxihl be rejected. 

TJie experiment should be performed for 4 tubes of different boro, 
and fi should bo shown to bo inversely proportional to r. 

If any liquid other thaix water be used, its density must be determined 
before T can be calculated. 


PRESSURE DUE TO CURVED SURFACES 

Pressure inside a Soap Bubble.—Inside a soap bubble, the pressure 
is greater than atmo.spheric by a small quantity p. The bubble is 
assumed to be splferical and of radius r. Con- 
•sidcring the equilibrium of the upper liemi- 
sphere, this excess pressure acts on the upper 
liemispherc, and produces a resultant upward 
force on the hemisphere of magnitude 
tending to blow the upper and lower hemi¬ 
spheres apart. 

The two hemispheres are kept together by 
the surface tension forces acting in the tivo surfaces of the film round 
the line of contact, and the bubble expands until the resultant of these 
forces just neutralises the resultant disruptive force p-rtr^. 

The line of contact between the hemispheres in each surface is of 
length 27rr, and hence the total force due to surface tension keeping the 
hemispheres together is 2(27rrT), since the film has two surfaces. 



Flo. 100.—Pressufe In Soap 
Bubbles 
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ATr/l=p'nr-. 
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Fi{Z. 110. By pontly pusInuK a glass rod A into the ruomi 

to the sido. _ - , ..^.rticnl and horizontal 

scaloi; .neas"ro‘th^lnnensim^ -toss a horizontal diameter. 



using the vertical cross-hair of the microscope adjusted tangentially, 
r cJrif. then on the other, of the image of the bubble. 

''^Measure^he’difference in height A between the levels of the water 
in the tubes C and D, using the vertical scale of the cathetometcr. 

Then the pressure excess in.side the bubble over the atmospheric . 
pressure is p = hpfj dynes per sq. cm. 

density of water in bend of U-tube ; r = radius of bubble in cm. found 

from the clinmetor mea.surc<l already. ... , 

Calculate the value of the surface tension in dynes per cm. fiom the 

equation ^ 


Make observations on two or three bubbles of cHITcrent sizes* 

Soap Solution.—The following method for preparing a soap solution is 
based on the directions given by Sir Charles Boys in Soap-Bi^blcs and the 
Forces xvhich Mould Them. Fill a clean well-stoppered bottle three- 
quarters full with distilled water or the softest water obtainable. lor 
eacli litre of water add 25 gm. of sodium oleate (Plateau) and leave for a 
<lav when the soap will be dissolved. Add 300 c.c. of pure glycerine for 
each litre. Shako well, and let the stoppered bottle remain for a week m 
a dark place. Draw off the char liquid by means of a siphon, leaving 
behind the scum collected at the top. A<ld two or three drops of liquid 
ammonia, and carefully keep the solution in a stoppered bottle m a dark 
place. In making the liquid do not warm or filter it, and never put any 
used liquid back into the stock. 
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MEASUREMENT OF SURFACE TENSION BY MEANS OF A 

BALANCE 

The pull due to surface tension is so great that it may be measured 
directly by means of a sensitive balance. l*or this purpose a balance 
forme(i from a long spiral spring as described on p. 97 may be used. 
Sometimes an ordinary gravity balance is employed, some form of 
hydrostatic balance such as that shown in Fig. 24, p. 44, being con¬ 
venient. A simple torsion balance due to Dr. Searle of Cambridge lias 
some advantages. In the apparatus {Fig. 110a) the torsion wire is 



Fio. 110 a.—^ carlo's Torsion Balance 
(Hi/ courUsu of Messrs. IF. O. Pur Co.) 


horizontal, its ends being fixed by adjustable clamps to the frame of 
the instrument. To the centre of the wire is attached a light metal 
beam, one end of whicli serves as a pointer that moves over a graduated 
scale. The other and shorter end of the beam carries a counterpoise, 
the position of which can be adjusted. A small .scale-pan can be 
suspended from a fixed point near the end of the longer arm, and in 
some experiments it is convenient to calibrate the scale by placing 
weights in this pan. The height of the frame which carries the torsion 
wire cun be adjusted by means of a vertical sliding rod, and a fine 
adjustment is possible by using a levelling screw at one corner of 

the base. 


ExPT. 78A. Surface Tension of a Soap Film.—A frame of wire liaving 
two vertical sides separated by a distance I cm. is suspendetl from tho 
scale-pan of the balance. Tho exact shape of the remainder of the frame 
does not affect the re.sult, but it is convenient to use a frame in the form 
of a complete rectangle so as to ensure two parallel sides that may hang 
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. I ..l.,,,,. \ c;o.n> film is f.inne.l over this frame either hy 

„l... .i..-s«iu,i.m cnnt«in«i 

1 t)ie n<‘w v.ihu- <it the counterpoise is fouml. 11 rn prn. 

, it- U ■ 1, tlie two values of the counterpoise rng rlynes 

euuatiou , 

J/1 ni'i ilynes. 

Calculate tlie surface tension in <l>nes per cm. 


Tlie ineasurenient of tlie surface ten.sion of a clear liquid, such a.s 

n™ i;"nu,,le l.y usi„« a .-l.a,. .lass P^'‘V 1 
fiveil iu a clip ami suspended from one arm of a halanu. Ihe oh ect 
in view is to ncasure the pull on the lower horizontal edge of this plate 
; . i. is us" to.H hin. tI k- surface of ttre liqr.id Both the heaker a.u 
the L-l iss plate must he earefullv cleaned by washing first with caustic 
lo.ash soluium an<l then with clean water This ^letennmat.on is more 
(liihcult than tlie measurement made with a soap film, because 
uncertaintv in the value of the upthrust when the edge of the plate is 
.slightly hc'low the level of the licpiid. 

Kvit 7811 Surface Tension of Water by means of a Gravity 
Balance.—Suspend a clean gla.s.s plate from one ® 

urovided so tliat the plane of the plate is vertical and its lower edge is 
liori/.ontai Place weipht.s in tlie other pan of the balance so a.s to pro- 
iluce etiuilibrium. A beaker of clean water is brought up prnduallc 
below the iilate until contact is just marie between the water 
and the lower erlgr- of the glass. A conveiueiit way 

is l.v supporting it on an adjustable table which can be raised slowls In 
a screw iliotioru When the edge of the plate touches the water surface, 
a jerk of the pointer of (he balance is observed because of the downunid 
pull due to surface tension. Additional mn.s.se.s are now added carefulU 
1<, tlie sr>cond pun of the balance until contact between water and gl^s 
is hrokr-n. As.suming that no correction is needed for the upthrust of the 
Hnuid the weight mr, dvnes of the additional mass m may be eq^ateci 
to The pull of surfac-e tension. If I is the length and t the brearlth of 
tlie plate, the force acts over a length 2(f-i-0 cm., and if T is the surface 
tension we find 

2(Z-^OT = »l {7 ch-nes. 


I'rnm this equation T is found in dynes per cm. 

'Phe pull to bo measured may be increased by having Severn 1 glass 
plates mounted side by side in a frame, but not in contact with one 

another. 

Expt. 78C. Surface Tension of Water by means of Searle’s Torsion 

Balance._The method of procedure is somewhat similar to that <le- 

scribed in the last experiment, but it will be convenient to find first tiw 
position of eiiuilibrium of the balance' when the lower edge of the plate 
Is pxnctl>- level with aiul touching the surface of the water. It may be 
neces.sarv to cliango the position of tho counterpoise so os to get the 
pointer on the .scale. Tlie levelling screw at the base may be used in 
making the final adjustment. 


CH. XI 


SUHl ACE TEXSIOX 


ir)7 


'i'lio l)cak(*r of wntor is tlu‘ii roino\’i>(l ami Iho plato allowod to <h\’, 
or it ina_\- be <lriecl very carefully witli lilt«*r paper. Masses are (lien 
plaeeil in the scale-pan so as to jfivo the same ri‘a<lintl of (la* pointer as 
before. If tn pin. is the mass ailded to tlie scale-pan, the surface tension 
T is found from the ecjuation 

VK) , 

dynes per cm.. 


T = 


2(f4-/) 

wliere I cm. is the length ami t cm. is the lm*atlth of the plate. 


THE ANGLE OF CONTACT BETWEEN MERCURY AND GLASS 


When liquid mercury is in contact with glass, there is a finite angle 
between tlie tangents to the two surfaces, and for clean surfaces the 



Fco. lion.—DeU'rmlnatlon of Angle of Contact 


angle is large (approximately 135°) so that in a narrow tube the mercury 
surface is depressed (Fig. lOG). This angle of contact a may be even 
larger than 135° for a freshly formed interface, but the value tends to 
diminish with the time that has elapsed since the surfaces were pre¬ 
pared. It is difficult to obtain a perfectly clean and dry glass surface, 
the simj)lest plan being to wash first with potash solution followed by 
clean water, and then to dry the glass in a desiccator. The merctiry 
used should be taken from the inferior of a supply of pure liqttid, and 
as the surface changes on exposure to the atmosphere of a laboratory 
the first observation sliould be made as soon as possible. The angle a 
may be determined by a simple method, the details of which have been 
worked out by the staff of the physical laboratory in St. Andrews. 

Expt. 78D. Determination of the Angle of Contact.—Place about 
300 gm. of clean mercury in a small clean dish about 4 cm, in diameter. 
Fix the upper end of a clean dry microscope slide in a special clamp so 
that its lower end may dip into the mercury. This clamp is attached 
to an apparatus (Fig. 1 10b) arranged so that the plate can be rotated 
about a horizontal axis which is adjusted so that the axis oj rofation 
shown by tlie dotted line passes fhroxujh the surface of the mercury. With 
this arrangement the section of the plate in contact with the mercury 
surface remains stationary while the inclination of the plate is altered. 
The angle through which the long edge of the plate is rotated can be 
measured by a pointer P moving over a circular scale S. 
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■nu‘ plat,' .otato.I until tlu‘ snrfaco of the mercury is 

„„„ I!;;..'.:, .,.o ... ilie 




Screen 


FUi. IIOC. —Autflf* of f'olltACt 

,,|„,o is r„t,.te.l tl,ro..(.-h nn ..mkI,- ? until tl.u mutcury is horizontal on 
tile oth,>r si,l,‘ ns oil the rinlit ot the (lui^tnuu. 'l lien a - .)0 where 

« can he aeouiatelv foniul. ( Prove tliis espression.) , 

^ In onler to test whim the [.late is coneetly adjusted in each of the 

above losilions;^. following method may he use, . A hn- 

inoliiHul M ai\ anpU* ot about 20 to 

the vertical is drawn on a vertical 

screen which is brightl\- illuniinatcd. 

Th,‘ image of this line in the mercury 

surface can he seen without the ob- 

seiwer having to change his [position. 

In general, the image will be curved 

wliere it aj)|>roaches the plate owing to 

the curvature of tlie surface (Fig. 1 lOn). 

This curvature will, however, disappear 

when the mercury is horizontal up to 

the edge of the plate. 



Image 
' " 'of line 


- - - Observer 
Fill, nap.—Plan 


Rotate tlie plate away from the 
screen and observe tlie image of the 
line on the near side of the plate. In po.sition « the imago will be 
curved. sa\ to the right ; in position b it will he straight ; while in 
position r in Fig. UOk it will be curved to the left owing to the ^‘«tige 
in the curvature of the mercury surface wliere it meets the plate. Hot ate 
the [.late until position 6 i.s accurately found, and note the reading ot 
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the pointer. Then rotate the plate towards the screen and observe the 
image on the Jar side of the plate, adjusting until the image is once 
again straight up to the edge of the plate. Determine the angle and 
evaluate. Two or three determinations should be made and the mean 
value taken. It is also of interest to find how the angle of contact varies 
with lapse of time. 


PART I 


ADDITIONAL EXERCISES OX PROPERTIES 

OF MATTER 


1. Dniw a sector of a circle (radius 15 cm.), containing an angle of 150’, 
measure its area with the planiineter, and verify the result by moans ol'the balance. 

2. Draw an ellipse of major axis 20 cm. and minor axis 10 cm. and mea.sure its 
area with the planiineter. 

3. Find the area and density of the given ]>latc by weighing it in air and water 
and measuring the thickness. 

4. Find the average area of cross section of the given wire by means of a mel ro 
scale and a hydrostatic balance. 

5. Find the length and specific gravity of a given tangle of wire, using a 
liydrostatic balance and a micrometer screw. 

(j. Fin<l the specific gravity of a solid by weighing it in a licjuid whoso specific 
gruv'ity is given. 

7. Weigli the given solid ui air, in water, and in the given liquid. Deduce the 
specific gravity of the metal and of the liquid. 

S. Make a solution of sugar and water whicli contains accurately 10 per cent 
b\- weight of sugar, and determine the specific gravity of the solution. 

y. Prepare a solution of common salt in water containing 15 gm. of salt in 
loo gm. of solution and find it.s density. 

10. Find the density of a liquid whicli is denser than water and does not mi.x 
with it, by preparing a salt solution of equal density and determining the density 
of this solution. 

11. Calibrate the given burette by moans of a balance. 

12. Find the internal volume of a definite length of the narrow boro tube 
provided, and calculate the mean internal diameter. 

13. ^IoasuI'e the radius of the sphere provided by means of the sphorometor, 
find its weight and deduce the density of the material. 

14. A body is supported on an inclined plane by a force acting parallel to the 
plane. Plot a graph showing the relation between the magnitude of the force 
and the height of the plane. 

15. Find the mass of the roller supplied, using an inclined plane. 

10. Support a metre scale from various points along its length, and balance it 
by hanging weights on the shorter side. Deduce the weight of the ineti-e scale. 

17. Find the angle of static friction between the given surfaces. 

18. Find the velocity ratio and the force ratio for the given macliine and deduce 
tlio efficiency. 

19. A bar is supported at its ends and loaded at its centre. Plot a curve show¬ 
ing liow the depression of the centre varies with the load. 

20. Plot a curve showing the relation between the angle of twist and the lengtli 
of wire twisted, when a given couple is applied to the end of the wire. 

2). A ball is projected horizontally with a given velocity by allowing it to 
roll down one quadrant of a circle. Plot a curve showing the relation between the 
horizontal range and the lieight of the point of projection. 

22. Find the relation bctw'een the distance traversed and the time wlicn a 
body starts from rest and moves with uniform acceleration, using Atwood’s 
machine. 

23. Find the combined mass of the two weights and the pulley of an Atwood s 
machine, given 981 cm. per sec. per sec. 

24. Find the relation between the distance traversed and the time when the 
given body rolls down an inclined plane, starting from rest. 
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I tiO 

I*,,.VO tlu.i tho a.r.-l, ration oi a body rollinj: <l..wn an nijl.ncd j.lai..- «.( 

.r -,;;r 

..,o.,vee,.„f ,,f 

of bM m C.C.k u'uts. Adjust tl.e lenf^th so that the tunc ot 

pillt the variation of penod with k-ngth for a simple 

no.uhilum. and d-lueo the length of a ' -jinirter seconds prmdulum. that is a pend i- 

T>'’T>hlf the relation between the length of the simple 

pombduni and H t'he tune of swing, (k) the square of the tune of swing. Deduce 

.n'^'.h?mrgn:ph‘slntm ol’ oscillation of the given to^ion pen- 

A.,; ; . vane witI. the distance from the axi.s of the a< ded '"-'p,,,, 

•U. A thin lath IS fixed l.on/onfally at one end and ^ the other. Plot 

“ r-e th.... 

is Ia x<-,l auppart'. Kind l.nw tl,.- I.n.e of os,, lint,on of tl.e syston, 
Imclor p'r..,.- ,U.pon.ls oj tin- lonftl. of tl... strinp. .vl.on tin- bar ron.an.s n. II... 

s„,nj. v..,,..ai ,,i.,no_.u.ri,,p jj;" of „ u-.nbo 

.l;';!;,;:'m ...e bona and mr ... .he oioseU li,,,..; uselt 

to find the lieight of the barometer. 



PART II 


SOUND 



NOTES ON SOUND 


It is well to iHstinpuish between two uses of tlic word sound, which 
mnv bo applied either to the definite sensation that is produced by stimu- 
latinL' tlie ear or to the external physical cause of this sensation. In this 
hook wc are concerned mainlv with the objictivc use of the word, distinct 
from tlie .subjective. Here again a distinction may be drawn between the 
vibrating motion of the source of sound and the wave-hke disturbance of 
tlie air or other medium acting upon the mechanism of the car. bvery 
musical note has three subjective characteristics—pitc/i, loudne^a, and 
Qiialitu ■ and to these correspond three physical or objective characteristics, 
—frcnucncu (sometimes called ‘physical pitch’), intemily, and wave-form 
rtspectiveiv. There is, however, some evidence to show that the subjective 
cpiality <lescribc<l as pitch depends to a certain extent on loudness as well 

os on frequenev. . ^ 

By frequency is meant the number of complete vibrations (or cycle3) 

in unit time (1 second), so that frequency is the reciprocal of period (p. 123), 

and is exprossecl in ‘cycles per second * (c.p*s.). In scientific work it is 

often convenient to take the frequency of middle C os 256c.p.s, (pp- 164-105). 

In H)3H an International (’onference agreed on a standard of musical pitch, 

and assigned to tho note A (or a') in the treble cjof the^frequency of 

440 cycles per second, at a temperature of about 20^ C. (08® F.). On the 

diatonic major scale this would correspond to a frequency for middle C 


3 

equal to 440, or 204 c.p.s. 

In recent years great progress has been made in the subject of musical 
acoustics, and it is now possible to measure not only the power, expressed 
in watts (p. 70). required to drive the source, but also the power actually 
radiated us sound. For further information reference may be made to 
The Fhysicji of Music, by Alexander Wood (Methuen. 1944), where the 
relation between loudness and intensity (power transmitted across 1 sq. 
cm.) at tho point considered is clearly treated. 
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[NTRODUCTORY THEORY 


§ 1. Velocity: Frequency and Wave-Length 

Sound is projiagated tlirough any material medium as a wave-motion, 
tlie distuiLance being produced by the sounding body and causing the 
sensation of sound when it reaches the ear. Most of the simple experi¬ 
mental determinations in sound are either determinations of the velocity 
of sound in different media or else determinations of the associate*! 
cjuantities, frequency, and wave-length. 

The Velocity of Sound varies with the medium through which it 
travels. It can be shown that the velocity with which sound is propa¬ 
gated through a medium of elasticity E and density p, is given by the 
equation /£ 

V P’ 

E is the modulus of elasticity corresponding with the particidar 
strain caused by the wave-motion. 


EFFECT OF TEMPERATURE ON THE VELOCITY OF SOUND 

IN A GAS 

The modulus of elasticity concerned when a sound wave travels 
through a gas, is equal to yP, where y is the ratio of the specific heats" 
of the gas (a constant) and P is its pressure. Hence the velocity, V, 
of sound in the gas is equal to VyP/pi where p is the density. 

Now P/p = RT (see section on Heat, p. 285; therefore V, the 

velocity of sound in the gas, is equal to VyRT, or is proportional to 
the square root of the absolute temperature T. Let Tq be the absolute 
temperature of the ice-point, 0® C. 

If a the gas coefficient is taken as 2 ^» Tq = 273® and 

T/T, = l-t-a/, 

where t is temperature in degrees centigrade. 

V elocity of Sound at C _ / "^=V'rY'T 

* * Velocity of Sound at 0° C \j T° 

V, = Vo\/iT^. 
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Whvu t is not large, this is written as 

V, = Vo(l+UO; 

and hoiK-e the velocity of sound at any temperature can be calculated 
if the velocity at 0^ is known. 


PITCH AND PREQTJENCY 

The musical pitch of a note depends on the number of vibrations 
made by the soimding body in one second or the vibration frequency of 
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the note. The note called middle C on a piano is taken to correspond 
with a vibration frequency of 256. This is called the scitniijic pitch 
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of middle C. The middle C of concert pitch now adopted (p. 1C2) has a 
frecjuency considerably above this. Other standards of pitch formerly 
used were some above and some below this scientific stamlard. 

The reason for the choice of 2.')0 as middle C in scientific work is in 
order that the number of vibrations corresponding with anj' C shall be 
a whole number, 256 being equal to 2** (see below). 

Musical Interval depends on the ratio of the vibration frequencies 
of the two notes, the ratios for various intervals being : 


octave 
fifth 
fourth 
major third 


1 : 2 

2 : 3 

3 : 4 

4 : 5 


minor third . 
major tone . 
minor tone . 
semitone 


. 5:6 

. 8:9 

. 9 : 10 

. 15 : 16 


The Relation between Velocity, Frequency, and Wave-length.—Let 
the velocity of sound in any medium be indicated by V cm. per .sec. 
Choose two points A and B (Fig. 112), such that their distance ajiart 
is V cm. 

At A an observer is stationed, and at B a body is set into vibration, 
emitting a note the vibration frequency of which is n. 

The time taken for the first wave to reach A will be one second, 
since the distance AB is equal to V ; thus the observer at A will just 
be receiving the first wave as the nth wave is emitted from B. 

Between A and B there will thus be n waves moving towards A. 
If each wave is of length A (Fig. 113), then the length AB must be 
equal to nX, and we obtain the important result that 

V = nX. 


§ 2. Resonance 

THE PRINCIPLE OF RESONANCE 

If tw’O neighbouring bodies have identical frequencic.s and one of 
them is set in vibration, the other will take up a rhythmic vibration 
due to the vibration of the first. This vibration, which is communi¬ 
cated to the second body, may attain considerable amplitude ; so that 
if the first body is stopped the second may continue to vibrate for some 

time afterwards. 

This principle is not Umited to sound but is common to all forms 
of vibratory motion. It can be understood readily by considering a 
simple case, sucli as that of two accurately attuned tuning-forks. One 
of these is .set in motion, and wave disturbances from it reach the other. 
The prongs of the second fork are alternately pressed away from and 
drawn towards the first fork, in consequence of the alternate com- 
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,„e=sioi.s and rarefactions reaching the prongs through the air These 
!,ecur exactly in step tvitli the natural motion of tins second fork which 
is just 'starting to spring back into its mean position after the first 
nressure wave, wlieit the rarefaction commences, its backward motio 
!,eiiig tlierebv assisted. The fork moves beyond its equilibrium position 
under its owri momentum and this assisting force, and is )ust tiirmng 



Fio. 114.— Stationary Vibrations 


to move forward again when the next pressure wave arrives ; under 
the pressure wave it is urged forward instead of being merely allowed 
to move fonvard under its own elastic forces. Thus every vibration of 
the fork is assisted by a force exerted by the air near 'to it, and the 
succession of light impulses, insignificant when considered singly, has a 
cumulative effect which results in the fork taking up a vibration of 
considerable amplitude. All other cases of resonance can be explained 

in a similar way. . . -d ^ t 

Numerous examples of periodic motion have been given m .^art 1 

(pp. 126-130). When a system which can execute a free vibration in 

one particular way, is acted on by a periodic force, it will be constrained 

to make forced vibrations; resonance will occur if the frequency of 
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the applied force is in approximate agreement with the frequency of 
free vii)ration. The effect is cumulative, anti may become excessive, 
but in general cannot be increased indefinitely because of frictional 
forces. This phenomenon is important not only in mechanical but 
also in electrical oscillations. 


STATIONARY VIBRATIONS 

When two wave-trains of equal intensity are passing through the 
same me<lium in opposite directions, stationary vibrations are set up. 
If, in each row of Fig. 114, the thin wavy line represent a wave motion 
moving to the left, and the dotted line a similar motion moving to the 
right, their rest/hnnt action on the medium between Aj and A 5 is 
representecl by the thick line in each case considered. Certain points 
Np No. N 3 are never dLsturbed at all, while points Aj, Ao, A 3 arc 
disturbed moi’c than any other points in the whole line. Nj, N 2 > N 3 
arc called nodes, and Aj, Ag, A 3 are called antinodes. 

It will be seen that the distance between two consecutive nodes or 
between two consecutive antinodes is equal to half a wave-length; or, 
from a node to the next antinode is a quarter of a wave-length. 

This result is employed in the experiments described below. 


THE RESONANCE TUBE 

The column of air in a tube open at the upper and closed at the 
lower end can vibrate in any way which permits of free motion at the 
opened end and zero motion at the closed end. This means that there 
must be an antinode (place of maximum disturbance) at the open end, 
and a node (place of zero disturbance) at the 
closed end. Different modes of vibration, cor¬ 
responding to different frequencies, arc illus¬ 
trated diagrammatically in Fig. 115. The sound 
vibrations are actually longitudinal, and not 
transverse, as the diagram might suggest. 

Since the distance from a node to an antinode is 
one quarter of a wave-length, it will be seen 
that the length of the pipe is respectively 
Ai/4, 3 A 2 / 4 , 5 A 3 / 4 , etc., Ap Ag, A 3 being the wave- p,,,. 115 .—Modes or vibration 
lengtlis of tlie possible vibrations, 

Wlien a tuning-fork is placed over the open 
end of tlie tube, resonance occurs provided the frequency of the fork 
is in agreement with any one of the possible modes of vibration of the 
column of air in the tube. The air in the tube is set in stationary 
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vibration, being under tlic action of the waves sent out by the fork, 
and of the waves reHected from the closed end. Fig. 115 may be taken 
to represent resonance for a tube of fixed length using three different 
tuning-forks. 

The resonance tube is usually arranged so that its length can be 
varied readily. If a fork of given pitch be lield over the end of the tube, 
and the tube be adjusted to resound to the note emitted by the fork, 
the shortest length of tube which will give resonance is a length /j, 
such that /i=A/4 , A being the wave-lengtli in air of the note emitted 
by the fork. 

The next length giving resonance will be /g. such that Z 2 = 3A/4, and 
so on ; so that we can determine the wave-length in air of the note 
emitted by the fork. 

A slight correction has to be applied for the diameter of the pipe ; 
the lengtii is not exactly equal to A/4, nor is L exactly 3A/4. The 
correction for a cylindrical pii)e is approximately 3/5 the radius, wlicn 
the pipe contains air. 

„ , 3R A 

Thus — g 4 ’ 

3A 

-L _W — 

2 


and 




These corrected lengths l\ and should be used in calculating A. 

The correction need not be known if /liind h can both be found ; 
for 

I -I 

«2 ' i “2 

qtiite accurately, the correction being eliminated by taking the differ¬ 
ence between Zj and 

If A is found by this means for a fork of known frequency, the 
velocity of sound in the air in the pipe can be calculated, for 

V = nA. 

I 

A, the wave-length in the air in the pipe, is known, and « is given ; 
therefore V can be obtained. Or if V is given, m can be calculated. 

If two forks are used, the ratio of their frequencies can be determined 
by obtaining the values of A corresponding with the notes they emit. 

v = «A. 

V = njAj, 

. ^*1 _^2 


« 


Ar- 


Expt. 79. The Resonance Tube.—The Resonance Tube may be con¬ 
veniently constructed in either of the forms shown in Fig. 116. The 
first consists of a counterpoised brass tube which projects from a tall 
standard tube containing water. 
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A scale of cm. is pi*aduatod on the movable brass tube, the zero of 
the scale being at the top of the tube. The lex’el of the water can be read 
on the scale by a window in the standard tube, and hence the length of 
tube giving re.sonance can be determined conveniently. 

The other form is .so simple that it needs little explanation. The 
level of the water is adjusted by moving the reservoir, and the length 
of the tube containing air is measured with a metre scale. 

Adjust the resonance tvibe to give resonarjcc with several iliffcrent 



forks, obtaining both the first and second resonance length, if possible, 
with each fork. 

(i) Calculate the velocity of sound in the air in the pipe from the 
known frequency- of one of the forks. Observe the tomperatvire of the 
room and reduce the value of V obtained at this temperature to give the 
velocity at 0" C., by means of the formula (p. 164) 

Or (ii) Being given the velocity of sound in air at 0® C., calculate the 
velocity of sound in air at the room temperature, and hence deduce the 
frequency of a given tuning-fork. 

(iii) Compare the frequencies of two forks from observations with 
the re.sonance tube, and check the values so calculated by means of the 
frequencies marked on the forks. 

(iv) Find two positions of resonance using a fork of known frequency, 
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/\n.l then calculate the oiul correction Coinpare the rc.sult \vith tlie 
\-)i[uc' .‘IK,.') tri'^cn in tlie text. 

(vj Firul two po.'^itions of resonance for a niimher of forks of known 
fi'e<juc‘ncy, and plot a praph sliowinjr the relatifm V)etw<-en h_ - ~ \l'l and 

1If the teinperatnre remains constant dniiiif' the observations the 
paph slioiild he n straiglit line. If the teniperalnre ohange.s, each value 
should bo coriej-ted to (J" C. 

!<(“|>eat Experiment 79 witli the resonance tube filled uith carbon 
dioxide (C'Ojj, and (iiul 

(o) the velocity of sound in COj. 

(/>) tlie end correction to be applied when the tube is filled with C.O^. 

Experiments may also bo cnrrieil out with a resoiianoe tube open at 
both ends. For this pur[>osc two tnbc.s, one sliiling inside the other, may 
1)0 eni[)lovcd. Note that for a tube open at both ends an end correction 
must be ap|)lied for eaeli end C)f the tulie. 

Noth. —The velocity of souml in tlry air at 0® C. is 3.3r3 metres 
per second or lUS7 feet per second. 
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FREQUENCY 

§ 1. Determinations of Frequency 

THE SIREN 

Frequency is defined as tho number of complete vibrations or cycles in 
xinit time (1 second). Tho production of a musical tone of controllable 
frecjux'ncy by using a regular succe.ssion of puffs of air was described by 
John Robison of Edinburgh in 1801. The method was developed by 
Caienurd de la Tour (1819) who called his apparatus the Siren, because it 
could sing under water. Modifications were made by L. Seebeck about 
1841 in order to increase the loudness of the sound and the accuracy of 
measurement. The apparatus (Fig. 117) contains a cylindrical box calkul 
the wind-chest, connected below to bellows for producing a blast of air. 
\ better plan, if available, is to use a large reservoir of air maintained at 
constant pre.ssure. Tho siren should bo connected to the air source by a 
rubber pipe fitted with a 5creta-clip to regulate the wind ixre.^isuro. 

Tho win»l-chest has a nximber of perforations distributed at equal 
distances rouml a circle in the top surface of the box, the holes being drilled 
at an angle to the surface ns indlcatexl in tho part section shown in Fig. 117. 
Above this box, an<l very close to it, is a circular plate drilled with a similar 
set of holes, inclined the opposite way to those in tho top of the chest. 
'J'his plate is mounted so that it can rotate on the wind-chest in such a 
manner that the one set of holes pas-ses over the other as the plate rotates. 

When the chest i.s filled with air under pres.sxire, the air emerges through 
the holes, and, impinging on tho holes in the disk, sets the latter in rotation 
about its axis. 

The holes in the che.st are thus covered and uncovered at regular 
intervals, puffs of air escaping periodically as the two sets of holes coincide 
momentarily, and thus periodic pre.ssure waves are sent out into the air, 
producing the periodic disturbance called ‘ sound 

In each rotation of the disk there are as many puffs of air produced ns 
there are holes in the rotating plate, n saj^. 

A w’orm gearing and toothed wheels in the case at the top cause tho 
revolutions to be recorded on the dials shown. By measuring tho time 
required for a definite number of revolutions the rate of revolution of tho 
disk can be obtained. 

Suppose that the disk and the top of the chest have n holes in the 
ring, and N revolutions of the disk are made in t seconds, tho total number 
of ‘ puffs ’ made is nN in t seconds, and the frequency is therefore «N/i 
cycles per second. 

By adjusting the speed of revolution till the note of the siren is in 
uni.son with the note of the vibrating body, w’O can obtain the vibration 
frequency of this body, as it is then equal to that of tho note given by the 
siren, namely Nn// cycles per second. 

Expt. 80. Determination of Frequency by means of a Siren.—.Adjust 
the siren to unison with a vibrating tuning-fork or to a sounding organ- 
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iniM- ' K.mm) tlio rale of revolntion constant by ndjustint? tlie top and 
tla- [.i-essmv in Die bellows, and find the vii>ratiori frequency of tliesneri. 



Fr<uit Vif« Back View 

Kill. 117 —The Siren 


This is given by Xa/o and is the same as the frequency of the note of the 
fork or organ-|>i [)0 used. 

Other methods of determining frequency arc employed in the following 
experiments :— 

Kxi-r. 81. Determination of the Frequency of a Tuning-fork by the 
Dropping Plate Method.—Tlaco a light style of stiff hair on the prong of 
a tuning-fork, lixing it in place with wax. Suspend a smoke-blackened 
sheet of glass in a heavy frame from a stand (Fig. 118), using a piece of 
cotton pa.s.sing over two pins for this purpose. Mount the fork so that the 
hair gently tonches the gla.ss near its bottom end, bow the fork with a 
violin-bow, and release the glass by burning the cotton thread between 
the pins. 

When tlie glQvSs is examined, a wavy trace will be found on the 
blackened surface, the trace being made in the soot by the style as the 
plate fell. From the trace thus formed, the vibration frequency of the 
fork can be found as follows : 

(i) If tlic beginning of the trace is quite clearly defined, measure the 
distance s from the beginning to the last wave shown on the glass, and 
count the number of complete waves in this distance ; let this be N. 

The glass falls tinder its own weight, and in ( seconds it will fall a 
distance n= since it has no initial velocity. Thus the time t required 
to fall the measured distance n can ho calculated. 



8oc notes on tuning, p. 185. 
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During this tiino tlio fork mach* N vibrations, therefore tl>e vibration 
fr<><|uencj' of tlie fork is X;7. 

(ii) If tbe trace is not clear at the beginning, start at tlie fii>?t clearly 
(lefineci crest anti count off a certain number of waves n {say 20) marking 
the atli crest. Count bevond this a further set of a waves. Measure the 
lengtli A'j of the first set, and 5, the length of the .second .set of n waves. 




Fio. 118.—Dropping Plate Apparatus 


If the velocity of the glass when passing the first crest was and tlie 
tint© taken to make n waves is t, we have (Fig. 119) 

When the second of the marked crests was being passetl, the velocity 
of the gla.s.s wa.s r, =v^ + gt. 

The distance e, is given by 

Sj = v,/+4g/* 

o,. 

since is ile.scribed in the same length of time a.s 

Thus = 

or ‘“V g ' 

In this time n vibrations are mad© ; therefore the vibration frequency 
= njt. 

Exrr. 82. Kundt’s Tube.—A glass tube, about 1 metre long and 
5 cm internal diameter, is dried thoroughly over a Bunsen flame. The 
tube closed at one end with a cork, is lightly dusted inside with dry 
cork’powder or lycopodium dust. Rotate the tube about a horizontal 
axis till the dust is just on the point of slipping down the walls. A rod, 
fitted with a light disk of cork or ebonite at the end, is fixed with this 
end just projecting into the tube. The disk is made rather smaller than 
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tlio tube, so that tho end of the rod and the attached disk can vibrate 

freely inside the tube. . 

The rod is chunpctl exactly at its middle point, and is 

__ .set into longitudinal vibration by stroking length%\ny.s 

5 ‘ with a rcsiiiod leather or clotlu Uy this mcaiLS tlie air 

/ in the tube is set in vibration, waves being sent down 

C S the tube, which gives rise to returning waves by reflection 

^ tjie fixed cork at tlie otlier end of the tube. 

( The tube is pushed by very small amounts over the 

\ y end of the rod, the rod being stroked so os to cause it to 

) k Y** sound after each fresh adjustment. A position is reached 

/ where the air or gas in the tube resounds to the note of 

( the rod. When this is the case tlio dust in the tube i.s 

\ caught up in the swirl of the air, which is set in violent 

) vibration. After the motion has died down, the dust 

j settles in characteristic ridges at the antinoilcs.^ Several 

/ antinodes are thus fairly clearly marked, and the flis- 

I tance between two at some considerable distance apart is 

\ measured. 

J S l«ttratr <?3 From tho number of heaps between these two, the 
j ’ 't sees number of intervening antinodcs is found, and the wave- 
/ length of the note in the gas in the tube is obtained, the 

( di.stance between two consecutive antinodes being half a 

\ wave-length. 

\ The pitch of the rod is now found by means of a sono* 

) meter (see experiments with sonometer, p. 184), using a 

j tuning-fork of known fref|uency for comparison ; and 

/ from this the velocity of sound in the gas can be deter- 

\ mined using the relation 

\ V V = «X. 


t sees 


' If the velocity of sotmd in tho gas is assumed to be 

Fi<^. no.—Traco know'n, tho frequenev of tho note of the rod can be deter- 
of lunliig-furk joined by this sanr^e equation. 

Calculation of Young’s Modulus for the Rod.—The rod vibrates with a node 
at its middle point and an antinode at each end ; hence its length is equal to 
half the wave-length of the note in the material of the rod. 



Fio. 120.—KuQdt's Tube 


The velocity of sound in the rod is V^E/p, where p is the density of the 






Fio. 121.—Antinodes in Kundt's Tube 


rod and E the modulus of elasticity for longitudinal strain, so that E is 
Young’s jModulus. 


‘ By continued sounding it is oossiblc, though difficult, to get the dust to settle in little heaps 
at the rukUs. 
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If V' = Velocitv of sound in the rod 

and \'= Wave-length of sound in the rod. 

Hero H is known, X' is equal to twice tlte length of the rod, which can 
be measured ; hence V' can be calculated. 

'riie density of the rod is also known, and 

hence we can find Young's Modulus f»>r the material of the rod. 


§ 2. Beats 

When two pure notes of nearly the same pitch are sounded together, 
periodic variations in the intensity of the sound are heard. These 
alterations of sound and comparative silence arc termed Beats. They 
can be jdainly recognised when two tuning-forks of nearly the same 
crequeney are set in vibration together. If the forks have frequencies 
Nj and No respectively, the number of beats per second is the difference 
between these frequencies, « = Ni-N 2 . Here is supposed greater 
than Ng. 

This result can be explained by the principle of interference. The 
velocity of propagation is the same for the two notes, but the wave¬ 
lengths differ slightly. Where the waves agree in phase they will 
strengthen each other, but where they are opposed they will neutralise 
one another (Fig. 122). Let \is take as starting-point an instant when 

FlO. 122.—Variatiotu of AmpUtudo In Beat3 

waves from the two sources reach the ear in the same phase. At the 
end of one second, the higher note has made Nj complete vibrations, 
the lower note only No, that is, the higher note has made N^ - Ng more 
vibrations than the lower. During the second, one system of waves 
has been falling behind the other, and the loss amounts to N^-Ng 
wave-lengths. Hence there must have been Nj - Ng occasions in the 
course of the second when the two systems agreed in phase, and 
Nj - Ng occasions when the phases were opposed so that there was 
comparative silence. In other words, the number of beats in one 

second =Ni - Ng. 

If two notes are nearly in unison, the beats are very slow and it is 
difficult to distinguish them. On the other hand, if the number of 
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beats is more tlian four per seeoiui it is (iiftieult to count them. When 
the iHNits heroine so rapid tliat they cannot be separately perceived, a 

‘ discord ' or * dissonance ’ is produced. 


A<ijusiQbfc 
heavy cho 



Flu. 123.—I.oatlftl TuiiliiK-fork 


Expt. 83. Beats between Tuning-forks.— 
Take two tuning-forks of nearly the same pitch 
mounted on resonance boxes. The frequency 
of one fork can bo altered by means of a mov¬ 
able rna.ss which can be clamped at am- part 
of the prong (Fig. 123). 

Fix the mass at a definite distance from 
the end of the prong, and count the number 
of beats made with tlio otherfork in a measured 
interval of time. 

The number of beats per second should be 
determined bv counting as many beats as pos¬ 
sible, taking’the time with a stop-clock or 
stop-watch. 


Repeat the observations with the mass at other points on the prong, 
and plot a curve showing the relation between the distance of the 
mass from tlie free end of the prong and the number of beats per 
second. 


§ 3. Composition of H.vrmonic Vibrations at Rioht Angles 

When two Simple Harmonic Motions (Fig. 83, p. 123} in directions 
at right angles are superposed, the resulting motion may be found by 
using the respective circles of reference (auxiliary circles). The figures 
obtained are named after the French professor of physics, J. A. 
Lis-sajous, whose chief memoir was published in 1873. Typical illus¬ 
trations are showm in Fig. 123a, in which the amplitudes of the rect- 
angular vibrations are the same. The simplest figures are those in the 
upper row of the diagram and in these the two periods are the same. 
The resulting curve is then found to be an ellipse, which degenerates 
into a straight line if the initial phases coincide or differ by tt. If, in 
addition, while the amplitudes of the components remain equal, the 
difference in phase is Htt, the ellipse becomes a circle. Uniform circular 
motion may be regarded as the superposition of two simple harmonic 
motions at right angles, differing in phase by one quarter of a com¬ 
plete period.. 

The figures in the lower rows of the diagram correspond to com¬ 
ponent vibrations having periods in the ratio 1:2, 1:3, and 2 : 3. 
More complicated figures of this type are given in Barton’s Text-Book 
of Sound, Fig. 18, p. 61. 

The geometrical method of obtaining Lissajous’ figures is illustrated 
in Fig. 123b. Several diagrams of this kind are given on a large scale 
in Alfred Baniell’s Text-Book of the Principles of Physics (1884). In 
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Knell reference circle is divided into equal arcs corresponding to 
equal intervals of time, so that any such arc is traversed m the same 
time Only one half of the complete reference circle may be required 
for the construction. Through the selected points on the circles lines 
are diawn at right angles to the diameters AB and CD so as to form 
a rectangular network. If we start at a comer of any one of these 
rectangles (for instance the corner corresponding to A and C) and 
proceed diagonally, we pass tlirough a succession of points (II, 2II, 
etc ) separated by equal intervals of time, and these points he on a 
curve which is one of Lissajous’ figures. The resulting curve depends 
upon the phase difference between the two components, as already seen 

in Fig. 123a. -u i * 

Tlie student should practise using this geometrical method to 

obtain the more complicated curves when the ampUtudes and phases 

as well as the i)eriods are different. Greater accuracy is secured by 

using a considerable number of arcs. 


BLACKBURN’S PENDULUM 

Various experimental methods have been used for illustrating these 
results. A simple apparatus that is convenient for class demonstration 

is the pendulum devised by H. 
Blackburn, professor of mathema¬ 
tics in Glasgow, 1849-79. As we 
have seen (p. 126), the bob of a 
simple pendulum moves approxi¬ 
mately with simple harmonic 
motion. By using a double sus¬ 
pension in the form of a letter Y, 
arranged as in Fig. 123c, the heavy 
bob of Blackburn’s pendulum can 
oscillate in two directions at right 
angles. The bob BB is suspended 
by a double cord 2 or 3 metres in 
length from a fixed beam HK. 

The adjustable clip A keeps the 
lower parts of the cord together 
and provides a means of altering the 
distance between A and the centre 
of gravity of the bob. The top of 
the cord above the beam is wound 
round a peg D, which gives a further means of adjustment. 

When the bob swings in the plane of the paper, the arrangetnent 
behaves like a pendulum of length AB, but when the bob swings in a 
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vertical plane at right angles to the plane of the figure, the length of 
the equivalent pendulum is El^. The bob is a ring of lead carrying a 
funnel C containing fine sand (or a coloured liquid). Wlieii in operation 
the jet of sand gives a record of the motion on a horizontal sheet of 
paper placed at a suitable distance below the hob. 

A more complicated, but more efficient, device is the harmonograph, 
which consists of two massive rigid compound pendulums arranged so 
as to oscillate in planes at right angles. One pendulum carries a tracing 
point, the other a flat horizontal surface on which the trace is recorded. 

The composition of vibrations at right angles is of great importance 
in studying the oscillations produced in thermionic valves, and the 
cathode ray oscillograph (p. 509) provides a striking illustration of the 
application of tlie results as well as furnishing a visual record of 
Lissajous’ figures. 



CHAPTER III 


TUANSVKRSK 


VIBRATIONS OF A STRETCHED 
STRING 


^ 1. Propagation of Transverse Waves along a 

Stretched String 

The expression for the velocity of a transverse wave along a string 
under tension, can ho sliown to be 



wliere T is the force or tension exerted on the string, and m is the 
muss of unit length of the string. 

If T is measured in poundaU and m in pounds per foot of length, 
the velocity is given in feet per second ; witli T in dynes and m in 
gm. per cm. length, the velocity is obtained in centimetres per second. 

Expt. 84. Determination of the Velocity of a Wave along a String.— 
Sot up a cord several metres in length, fixed at one end and with the 
other passing over a jnilley and carrying a scale-pan. Stretch the cord 
by various weights place<l in the scale-pan. Pluck the cord at one end, 
and find the time taken for the disturbance to travel, say 10 or 15 times, 
from end to end of the string. This can be done easily, for the motion 
of the disturbance is plainly visible and the time taken can be noted 
with a stop-watch. 

Calculate the tension of the string in dynes from the known mass M 
grams hanging from the end, 

T = Mg' dynes. 

M here includes the mass of the scale-p^n. 

Determine the ma.ss of I cm. of the cord by weighing a known length 
of a similar cord. 

From the observations of the motion of the disturbance, calculate 
the velocity of the wave along the string, and show that the observed 
velocity is equal to VX/m cm. per sec. 

Exi’t. 85. Determination of an Unknown Mass from Observations on 
the Velocity of a Wave.—Hang an unknown mass M on l^he string used in 
the last experiment, and observe the velocity of the wave disturbance as 
before. Calculate the mass of the suspended body from the equations 

T 

M (unkno\vn)= 

and T = V*m. 

Verify your result by actual observation of M, using a balance. 
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§ 2. St.ationary \’ibrations of a Strktchei) Strino 

If a string is stretched between two jioints A and B (Fig. 124), 
and a disturbance is created at any point on tlic string, the disturl)- 
ance travels to one end, and is there reflected reversed to tlie other 




Fjo. 124.—Reflection of Diiturbaiice from Emh of StrotcKed String 


end. Here it is again reflected, but now in tlie same form as tlie 
original disturbance, so that the string is in exactly the same condition 
as at first, after the disturbance lias travelled iicice along its length ; or 
when the disturbance has travelled once along and once bach, the vibra¬ 
tion of the string has completed one cycle. 

Now the velocity of propagation is \/Tfm, and the distance travelled 
by the wave in a complete cycle is 2^ Hence the period of vibration is 

or the vibration frequency 

I=i /T 
” t 2l\J m • 

This expression enables us to calculate the frequency of a string if 
the various quantities I, T, and m are known. 


THE SONOMETER OR MONOCHORD 

A sonometer consists of a firm frame carrying two fixed bridges over 
whicli one or more strings or wires can be stretched. Usually one string is 
fixed permanently to the apparatus, and its pitch is varied by ‘ kejdng up 
wrench keys or other means being supplied whereby the tension can bo 
adjusted as desired. Another string is also used, one end being fixed over 
one of the fixed bridges, while the other end, passing over the other bridge, 
carries a scale-pan. The tension in this second string is adjusted by sus¬ 
pending masses in the scale-pan hanging from it, and for this reason the 
sonometer is be.st supported in a vertical position. If n horizontal position 
be used, the string has to pass over a pulley so that the weights can hang 
downwards. There is usually considerable friction at the piilley, so that 
the tension on the string is not necessarily the same as the weight hanging 
from the end. A pair of movable bridges is also supplied, one for each 



PT, n 


1S2 A TEXT-BOOK OF PRACTICAL PHYSICS 

sirinii- bv moving these britlges along the strings, the sounding length 
can I.e altcrcl at will, an.l tlie pitch of either .string changed os a result of 
the altered length. 

xiT. 8<». Determination of the Variation of Pitch with Length.—The 
iK'ter is sot up and the ten.sion of the keyed wire a<lju.sted so that 
a musical tone is emitted on plucking the wire. Several 
forks of known frecpiency are supplied, and the length of 
the keyorl wire is altered by shifting the movable bridge, 
so as to give ttnison with each fork in turn, the tension of 
the wire being kept constant throughout. See the notes 
on tuning on p. 185. 

The lengths L, L, etc., corresponding with the frequencies 


E 

sonoi 




n 


lit, elc-* forks (and of the tuned wire), are 

determined. 

It will be foimd that ni?, =njfj = n^ 3 , showing that the 
frequency of the wire under constant tension is inversely proportional 
to its length. Draw a graph connecting n and 1/L 

I’so this rc-sult to find the pitch of an unmarked tuning- 
fork, tuning the wire first to unison with a knowm fork, and 
afterwards tuning to the unknown fork. 


7} 


h 

i: 


or 


h 


Ui (unknown) = (all known) 


To determine the way in wlilch the freqtiency of a wire 
of con.stn!it length varies with ten.sion, etc., is a matter of 
some difficulty, reqxiiring the use of a large number of timing- 
forks of known pitch. In the following experiments an 
indirect method is iLse<l, the wire being tuned by altering the 
length as well as the tension, the effect of the alteration of 
length being allowed for by a simple calculation invohdng 
the result obtained in the experiment just described. 

Expt. 87. Determination of the Variation of Pitch with 
Tension.—Apply different tensions to the second wire of 
the sonometer and find the lengths of this wire which 
vibrate in unison wdth a certain length of the fixed wire, 
the fixed wire being kept under constant tension. Let the tensions be 
Ti, T,, Tj, etc., and the attuned lengtlis be Z*, f,, etc. 


FlCt. 125.—VertI* 
c.il SononicU*r 


In order to find how the pitch of a constant length of the wire varies 
with the tension acting in the wire, we apply the resiilt obtained in Experi¬ 
ment 86 in the following manner. 

Let the pitch of the length /„ when pulled irith a tension T,, be tiy A 
length It of the same wire had the same frequency n, when pulled with a 
force Tj. If we had used the same length of wre as at first (It), the pitch 
under tension T, would have been 

It 

«i = nir. 

*1 

and we can therefore calcxdale the pitch 7i, of a length of wire when 
under a tension Tj. 
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Similarly the length would have had a vibrutioii frequency = 

if it lia<l been sounding under a tension Tj. 

Calculate n,, etc., and show that u is proportional to VT. 
Arrange the results of the observations as in the tabic :— 


Frequency of note of fixed string= n,. 


Tension of WelRht^d 
Wire in Gm.-wt. 

T 

Length ^IviiiR Note 
of Frequency Hi 

1 

1 

Calculatoi Pro queue j* 
for a Length /| 

n*etc. 

• ~ > 

1 

V t 

n 

T.= 

lx = 


VTi- ; 

i 

T,= 


L 

= 

M 

VT.,=: ! 

n.y 

Ta = 

h = 

II 

II 

rt 

y'T3= 

”3 


The last column of the table will be found to be constant, showing 
that n is proportional to -v/T- Draw a graph. 


Expt. 88 . Variation of Frequency with Mass per Unit Length.— 
Stretch a wire on the sonometer with a given load, and find what length 
of it vibrates in unison with the fixed wire. 

Remove the wire, and replace it by a second wire stretched with tho 
same load ; again find the length giving unison with the fixed wire. 





Flo. 12fl.—Horizontal Sonometer 


Repeat this for three or four different wires, using wires of different 
material, or different diameter, each time. 

Weigh each wire or a portion of each wire, measuring the length of 
the part weighed : a considerable length should be used to obtain 
accuracy. Calculate the mass of 1 cm. of each of the wires used. 

By the result obtained in Experiment 86 calculate what frequency 
each of the wires would have had, if each had been under the same tension 
but of length equal to the length of the first wire used. 

This gives the value of n for each of the wires when equal lengths are 
vibrating under the same tension. 

Show that nV^m is the same for each wire, or that n is proportional 
to 
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Arnvnix«‘ the results fts below :— 

Freciuency uf fixed wire= n,. 


LcDjrtli** Win* , 

vihraliiiK in 
with FIxcil Wire 
etc. 

Mh<h of ouch Wire 
|)er cm. Lenirth 
mi, m>, etc. ^ 

1 1 

Cftlrulatctl Frequency of a 
Length /| of each Wire 
under the tfiven Tension 

1 «!> n,, n, 

n Vm 

1 

' = 

1 

m, = 

rii (as above) = 

ni\/ Ml, 

1 

1 

mj- 

n.L 

mj 

1 

1 

„ 

njV mj 


Tlie last column of the table will be found to be constant, showing 
(hat ti varies as 1 Vm. 


Kxit. 8». Absolute Determination of Pitch with a Sonometer.— 
Stretcli a wire with a known force T dynes. Find the length I cm. 
vibrating in unison with the fork whose frequency is to be determined. 

Cut off a length of the wire, weigh it, and determine its moss per 
unit length, m gm. per cm. 

Calculate the vibration frequency of the wire, which is the same as 
that of the fork with which it is in unison. 


1 It 

“ = '2lsJ m' 


These results can be applied in various ways. The following exerciser 
are suggested as corollaries on the vibration of strings :— 

Expt. 90. Determination of the Density of the Material of a Wire, 
using the Sonometer.—In this determination the wire must not bo 
removed from the sonometer board. A fork of known pitch is supplied. 
Stretch the wire with a known force, and time a length of it to unison 
with the given fork. 

1 /f 

In the equation n = 2 /\/ 


>1 is given. T is known, and I is measured. Hence m can be calculated. 

Now m is the mass of a cylinder of metal 1 cm. long, and of diameter 
equal to that of the ivire, so that 

m = 

where r is the radiu-s of the wire, and p its density. Hence p can be 
determined from the calculated value of m, if the radius of the wire is 
measured with a micrometer screw. 


Expt. 01. Determination of the Weight of a Given Load by the 
Sonometer.—Another useful exercise is to weigh a bag of weights by 
means of a sonometer. A fork of known pitch is supplied, and a length 
of wire I, when stretched with the bog of weights, is timed to imison 
with the fork. The mass in grams of 1 cm. of the wire is determined by 
weighing a considerable length of the wire. Thus in the equation 
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II, I, and m ran all be dotorniinod, and hence T can be calculated in dynes. 

Now T - Mf/ tlym*.s, w lieie M is ibe mass of tlie bap in prams. Hence 

M T/</, and the mass <if the bap can thus be found. 

Note. —Avoid sucli ‘ fonmdue ’ as 

1 /T T * 

\/ - /* = T»» ? 

2/rv ftp 

Tliese arc f|nite true, liut tlie results rctjuircd can always be fotmd 
from the funilamcntal etjuation (pp. 180-181) 

_i /T 

”“2/V m 

by an ajijilication of first principles. 

Melde’s Experiment.—In this experiment vibrations are maintained 
in a stretched string by using a driver of definite frequency. It was 
the custom to attach one end of the thread to a fixed point on the 
]>rong of a tuning-fork, and to produce stationary waves formed by the 
sujierposition of direct waves sent out by the fork and w'aves reflected 
from the fixed point at the far end of the thread. When an alternating 
current supply of definite frequency is available, the experiment may 
he greatly .simplified. This method of experimenting will be described 
in the electrical section (Experiment 258C, p. 468). 


§ 3. Notes on Tuning 

In tuning a fork and a string, two strings, or any two notes to 
unison, there may be a difficulty if the student has no musical ‘ car 
('ertain aids may be used to indicate when the tuning is correct. One 
of these is given by the phenomenon of beats. Wlien tuning is close 
but not perfect, the two notes will ‘ beat and the rapid variations in 
intensity of the sound will be observable even if there is no musical 
appreciation of approximate unison. 

The notes will be in unison when the beats are so slow that they 
cannot be detected. In using the sonometer, adjust the string by veri/ 
small alteratiojis in length so that the beats get slower and slower. 
When they can no longer be distinguished, the notes may be considered 
as identical, i.e. the frequencies of the sounding bodies are equal. 

Another method, when a horizontal string is used, is to place a 
small rider of paper on the middle of the string to be tuned. If the 
other string or the fork he sounded, the fork being allowed to rest on 
the sonometer board, the paper rider will/««cr if tuning is close ; it 
will be thro\vTi violently off the wire if the tuning is exact. Thus, by 
altering the length so as to increase the fluttering, the wire may be 
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tuned to the other string or fork. See the ' Principle of Resonance ’ 

(p Hi.-)). 

In plucking a string to excite its note, care should be taken to avoid 
touching the string with the finger-nail, as this may introduce over¬ 
tones ; the string should he pulled aside between the thumb and finger. 

When listening to the note of a string, a small plate of wood fitted 
with a wooden handle may be held to the ear. the end of the handle 
being placerl in contact with the base-board of the sonometer. 



PART II 


ADDITIONAL EXERCISES IN SOUND 


1. Having given two ftjbes arranged so tliat one can slide inside the other, 
mensui-e the freqtiency of a hirk by finding the position of resonance for tho 
coinpounci tube open at both ends. 

2. Compare tho frequencies of two tuning-forks by the dropping plate inethorl. 

3. Find the velocity of sound in tho given glas.s rod. Clamp a stout glass rod 
about 0 feet l«)ng at its middle point and find (page 174) the freciuency of tho 
note produced when the rod i.s rubbed longitudinally by u <r|oth moistened witli 
alcohol. Determine the density of the glass and deduce tho value of Voung'.s 
-Modulus. 

4. Kind tlie mass of 1 cm. of tho given cord by determining the velocity of a 
transverse wave along it under a known ten.sion. 

5. Compare the densities of the materials of two wires by means of the sono¬ 
meter. 

0. Compare tho frequencies of two forks by means of the sonometer. 

7. Compare tho weights of two loade<l bags by nienn.s of the sonometer. 

8. Stretch a wire with different weights, an<l find what lengths of the wire 
are in unison with a fork of knomi frequency. De<luce the stmtehing force required 
to make a similar wire, 2 metres long, vibrate with a frequency of 50 vibrations per 
second. 

9. Plot a curve showing the relation between the volume of the given resonator 
and the frequency of the resonant vibration. (The resonator in this experiment 
is an ordinary medicine bottle with a narrow neck. The volume may be altered 
by adding water.) 

10. Find the frequency of a tuning-fork by attaching a bristle to one prong 
and producing a trace of the vibrating point on a smoked drum revolving at a 
measured speed. 

11. Find tho difference between the frequencies of two given tuning-forks bv 
counting tho beats between them. Determine w’hich fork has the higher pitch 
and load it Jintil the frequencies are the same. (An auxiliary fork of nearly the 
same pitch may he employed in this experiment.) 

12. ICinploy Kundt's tube to determine the velocity of sound in (a) coal gas, 
(6) carbon dioxide. 

13. Compare the velocity of sound in coal gas with the velocity in air by means 
of Kundt’s tube. 

14. Clamp a thin steel strip, about 50 cm. long and 2 cm. wide, in a vice, and 
find how tho frequency of vibration depends on tho length of the portion in 
vibration. 
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LIGHT 
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NOTES ON LIGHT 


Light o«i«entiallv n practical subject, nud every opportrinity should 
1)0 takrn of making' simple experiments with familiar objects sucli as 
polished metal surfaces to act us mirroi-s and spectacle lenses or nmgni- 
fvinii -Masses for |>foduciug images of various types. Although a ray of 
lieljt is a conception akin to the mathematician’s definition of a line as 
' Fength without lireailth even the study of ‘ geometrical optics i.s made 
clearer bv picturing a rav as a line joining two pin-points, and by using 
methods’such as the optical disk or Kobinson's ray track apparatus, by 
which fine pencils of light are obtaintnl from suitable sources and traced 
after reflection or refraction. The use of diagrams as forming an important 
part of the experimental work must also be emphasised. 

In the study of Light it is an uiulouhted advantage to be familiar with 
geometrical methods, and an elementary knowledge of trigonometry is 
required in dealing with refraction. Also the u.so of an aljchrmc formula 
connecting distances is frequently nece.ssary. This introduces tho vexed 
question of the sign to be given’^to any particular distance, and in the 
Supplement (pp. 54.5-r>49) three separate ways of making the choice are 
given, which we have called ‘conventions A, B, and C.’ For the student 
of mathematical phvsics, convention A has distinct advantages; for the 
student of medicine or tho practical optician, convention C may be selected. 

There has been much di.scussion as to the sign convention to be adopted 
in optical problems. In the present text tho older convention A has been 
retaine<l. This considers distances po.sitive when measured towards the 
source of light (pp. 20t) and 212). As an alternative, convention C may 
bo preferred mainly because it results in making the focal length of a con¬ 
verging lens positive, thus agreeing with custom in the optical industry. 
Convention C, described in the Supplement (pp, r)48-r)r)5), may be stated 
briefly by .saying ‘ Real is Positive ’ and ‘ Virtual Is Negative Whatever 
convention i.-i adopted, two points may be stressed : (1) an optical formula 
is algebraic, arul before substituting any quantity in the formula the value 
should be written down tvilh the sign attached, (2) a diagram should he 
<lrawn showing the paths of selected rays so as to check the results of the 
calculation. 

The subject of Photometry (pp. 247*253) is of increasing importance 
and the determination of the energy used for purooses of illumination is 
described later in connection with the efficiency of nn electric lamp (p. 443). 
For further information on modern photometry reference may be made to 
A Text'Book oj Light, by G. R. Noakes. 
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THE LAWS OF GEOMETRICAL OPTICS 

§ 1. Parallax 

Light travels in straight lines so long as its path lies in a mediiun the 
properties of which are the same at all points and in all directions 
round each point. According to the axiom called the Rectilinear Pro¬ 
pagation of Light a ray of light, or a beam of light of very small cross 
section, can be represented by a geometrical straight line. 

Tlie direction in whicli any object is seen depends on the direction 
of the ray entering the eye of tlie observer. The term parallax, originally 
used in connection with astronomical observations, means the apparent 
displacement of an object caused by an actual change in position of the 
observer ; if a difference is made in the position of tlie point of observa¬ 
tion, there is a corresponding difference in the apparent position of the 
object. Thus, if two bodies are viewed from a certain i)oint, their 
relative positions will be altered if the observer move to another posi¬ 
tion. To illustrate this, set up two retort stands on a table and view 
them from such a position that the more distant rod appears to be 
directly behind the nearer. If the observer now move to the right, 
the further rod will appear to the right of the nearer, as viewed from 
this new position. Similarly, if the observer move to the left, the more 
distant rod will appear to move to the left of the nearer. Thus, the 
object at a greater distance moves in the same direction as the observer, 
relatively to an object at a smaller distance. 

When the rods are placed nearer together, the relative motion of 
the rods for a given displacement of the observer is reduced. If the 
rods are placed one in continuation of the other, they appear together 
from any position in which the observer places himself. The same 
principle applies in dealing with images formed by mirrors or lenses. 
When two bodies are coincident, or in continuation of each other, 
there is no parallax between them, and this test is frequently used to 
determine if two bodies or two images are coincident. If parallax is 
observed, the rule given above determines at once which of the two is 
more distant. This method of experimenting is termed the method of 
parallax. Interesting examples of parallax may be met with in every¬ 
day life, as in the case of objects seen from the windows of a rapidly 
moving conveyance. 
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§ 2. Kkklection at Plane Surfaces 

THE LAWS OF REFLECTION 

Wlien a ray of light falls upon a polished surface it is reflected in 
accordance with the following laws :— 

Law I. The incident ray, the reflected ray, aiul the normal to the 
surface lie in one plane. 

Law II. The angle between the incident ray and the normal (tlie 

angle of incidence) is equal to the angle between the reflected ray and 

the normal (the angle of reflection). 

Exi^. 02. Verification of the Laws of Reflection.—These laws may 
l)e verified by means of a plane mirror and a number of pins in the 

foHowins wnv :— , , i • i 

Attach a sheet of drawing-paper to a drawing-board, and on it place 
a strii) of miiroi- with its plane vertical. The mirror can be supported by 

a wooden block with a vertical groove. 
Tf»c mirror shoidd be of good plate 
gln.ss but quite thin. If possible, glass 
silvered on the Jront surface should be 
used. 

Draw a line on the paper to mark 
the position of the rcficcting surface. 
Fix two pins into the board at points 
such as P and Q (Fig. 127). On look¬ 
ing into the mirror the images of these 
pins will be seen. Move the head till 
these images appear in a straight lino, 
and then fix two other pins, R and S, in 
line with tlie images. P and Q should 
be some distance apart, say 10 cm. or 
15 cm. R and S should be at a similar 
distance apart. The line PQ is the trace of an incident ray, RS that of 
u reflected ray. 

If the mirror is perpendicular to the drawing-board, the feet of the 
pins R and S should appear in an vmbroken lino with the feet of the pins 
P and Q. For in thus case the normal to the mirror lies in the plane of the 
drawing-board, and according to the first law of reflection the incident 
ray, the reflected ray, and the normal to the mirror must lie in one plane. 

Let the rays PQ and RS meet the mirror at the point L. Draw LN, 
the normal to the mirror at L. Measure the angles MLN and KLN with 
a protractor, and also measure equal distances LK, LM (say 10 cm.) along 
the two rays and join KAI. 

If KN and MN are equal, the triangles are equal in all respects, and 
the angles MLN and KLN are equal to each other. Measure the lengths 
of KN and MN and record the results. 

In order to verify the second law of reflection, the determination must 
be repeated for at least two other directions of the incident ray. In each 
case tlie angle of incidence should bo found approximately equal to the 
angle of reflection. 

If the mirror is thick, PQ and RS wdll meet at a point behind the front 
surface about two-thirds of the way through the glass. The place where 
they intersect should be taken as the equivalent reflecting surface. 
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Tlie image of any object formetl by a plane iniiror is at tl>c same 
distance beliind the mirror as the object is in front of it. 

Exi*t. 03. The Image formed by a Plane Mirror.—Fi.x a pin soinew liero 
in front of a plane mirror and fintl b>’ trial tlie position of the image. 
This caii be done by viewing a secoiul pin over the top of the minor and 
moving it about till there is no parallax between the .secoiul pin and the 
image of tlie tii*st, so that tliere is no relative motion between the image 
and the second pin on moving the head from side to side {see p. 191). 

.Measure the perpendicular tlistanco from the fii*st pin to the ecpiiva 
lent reflecting surface, and also from tlio image to the equivalent i-ellecting 
surface. Make a note of the ilistancos whicli should bo a{)proximately 
equal and enter the results in your notebook. 

Two mirrors inclined at an angle give ri.sc to a series of images. 

Exi*t. 04. Inclined Mirrors.—Draw two lines at an angle w’itli each 
other, say at 90^ and again at on a horizontal sheet of pajier. Set 
up two rnirrois on these linos. Place a [)in somewhere in the angle 
between the mirrors and find the positions of all the images produced by 
reficction in the mirroi-s in each ca.se. Verify tlie fact that all the images 
lie on a circle whose centre is at the point of intersection of the two 

mirror's, and that the number of images formed is — 1, ivhere 6 is 

the angle in degrees between the mirrors. 

One image will bo fount! in the angle behind both mirrors ; trace tlie 
path of the rays of liglit from the pin to the eye of the observer bj' means 
of which this image is .soon. 

Each image should bo labelled Ij, Ij, Ij,*, according as it is formed 
by single reflection in mirror 1, single reflection in mirror 2, tioublo 
reflection first in mirror 1, then in mirror 2, etc. 


ROTATION OF A MIRROR 

When a mirror is rotated about an axis perpendicular to the 
plane of incidence, the reflected ray is 
turned through an angle twice as 
great as that through which the mirror 
turns. 

Let AB (Fig. 128) be the original 
position of the mirror, ML the inci¬ 
dent, LK the reflected ray, and LN 
the normal to the surface. Let the 
accented letters denote corresponding 
quantities after the mirror has turned 
tlirough a certain angle. The student 
should deduce from the laws of reflec¬ 
tion already investigated that K'LK 
— the angle through which the reflected ray turns — is twice N'LN — 
the angle through which the mirror turns. 

Expt. 95. Reflection from a Mirror which is rotated.—The result that 
the reflected ray turns tlirough twice the angle turned through by the 
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mirror, mnv bo verifieil experimentally by tracing the rays by means of 
Dins Two pins are used to define the incident ray ML, and tuo to define 
tho mfipctod rav LK. After the position of the reflecting surface has been 
marked, the mirror is turned through a certain angle and the new position 
of the reflected rav is determined by pins as before. The angle through 
which the mirror is turnetl and the angle through which the reflected ray 
is turned are measured with a protractor. The ratio of the second angle 
to the first is then calculated. The process is repeated for a number of 
dilYerent iiositions of the mirror, and the results are given m tabular form. 

Show also that if the direction of the reflected ray is kept constant, 
tlio objects viewed when the mirror is used first in one position, then 
wlieii rotateil through an angle 6. are along directions which subtend an 
angle '10 at the axis of rotation of the mirror. 


THE SEXTANT 

The Sextant is an instrument for measuring the angular separation 
between two distant objects ; that is, the angle between the lines 
joining the eye of the observer to the two objects. It is used in navi¬ 
gation for measuring the altitude of the sun, or of a star. 

Expt. 96. Examination and Adjustment of the Sextant.—Examine 
the .sextant, and notice that the instrument consists of a graduated arc 
\li of about 00‘', connected with two fixed radial arms CA and CB 

A third radial arm CD is movable about 
the centre C of the arc, and carries an 
index and vernier at D. A clamp fitted 
with a tangent screw is provided to give 
a slow motion of this arm. At C is a plane 
mirror, called the index glass, attached to 
the arm and turning with it; the plane 
of this mirror should be perpendicular to 
the plane of the arc. At E is fixed a 
piece of plate glass, whose lower half only 
is silvered. The plane of this glass also 
is perpendicular to the plane of the arc. 
It is called the horizon glass. T is a tele¬ 
scope pointing towards the horizon glass. 
Usually the instrument is provided with a 
number of coloured glasses for diminishing 
the intensity of the sun’s light. 

Flo 120 —The Sc.xtant M’hen the index glass is exactly parallel 

to the horizon glass, rays from a distant 
object can reach the telescope by separate patlis. One set of rays 
pa.sses through the unsilvered part of the horizon glass ami enters the 
telescope without deviation. Another set of rays is reflected from the 
mirror to the silvered portion of the horizon glass, and enters the tele¬ 
scope in the same direction as the first set. The parallel rays are brought 
to a focus in the focal plane of the object gloss, and give rise to a single 
image of the distant object. When this is the case the index arm D 
should be at the zero of the graduated arc. If it be not, the reading 
of D should be taken ; it is called the zero reading. If now the arm D 
with its mirror be turned through a small angle, the rays reflected by the 
mirror will enter the telescope at a different angle, and the image formed 
by these rays will be displaced with regard to the image seen directly. 
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Suppose it is rccjuircil to measure the an^le b«‘t\veou two objects in 
the directions ICP and t'R respi'clivel\. The sextant is supported so 
tliat the telescope is pointed direetl\- towanls tlio object in tlje, direction 
KP, the rays pjissing tlu'ou^h the imsi)vi*red jjlass. The mirror C is turned 
till rays coming in tijo direction R(- are reflecteil along CK, untl fall on the 
siR'ered glass which reflects them into the telescope. Then the angle 
between the directions of the two ol)jeets is the angle K(’Q which is twice 
the angle AC'D, througli winch the arm CU has turned from tlie zero 
position. ThLs ft>llows from the foregoing experiment (0.5), the direction 
of the ray reflected from (.' being the same fCE) in eacb case. 

To save calculation, the arc AR is usually graduated so tliat each 
degree is numbered as 2 degrees ; and the retjuired angle can therefore 
be reatl directly from the gratluations. The <lirt’erence b(*twt*en the 
present reatling and tlie zero reading gi\’es tin; angle Rt’Q recjuired. 

In order to obtain accurate results the following conditions must be 
satisfied :— 


(1) The piano of the index glass must be pcrpejulicular to tlie plane of 
the graduate<l arc. 

(2) The axis of the telescope must bo parallel to iho plane of the arc. 

(3) The zero reailing must be taken for each pair of objects used ; it 
varies if tlio distance of the objects from the sextant is altered. 

Adjusting screws are provided for making the necessary adju.stinonts, 
but we sliall assume that the adjustments have already been made by the 
instrument-maker. 


Exi*t. 97. Measurement of Azimuth with the Sextant.—U.se the 
sextant to measure the angle 0 between two objects in the same hori¬ 
zontal plane. Two candle.s or two incandescent lamps may conveniently 
be employed. The sextant must be held in the same horizontal plane as 
the objects. Mea.sure the distance to each object, and calculate the dis¬ 
tance between the objects from these distances and the angle 0. Confirm 
the result Ijy measuring the distance between the objects directly. 

Expt. 98. Measurement of Altitude with the Sextant.—E.se the sex¬ 
tant to measure the angular elevation of a distant object; In this 
mea.surement the foot of the object sliould bo on the same level as the 
sextant. Calculate its height from the angle mea.sured and the horizontal 
distance from the foot of the object tc the sextant. If possible, confirm 
the result by inea-suring the lieight. A better method of finding the olti- 
tude of a distant object is to measure the angle between the object scon 
directly and its image formed by a horizontal mirror, such as the surface 
of rnercui’y. The angle thu.s measured Is twice the required altitude. 

The height of a distant object, say the top of a tower, may be determined 
by measuring the angular altitude points A and B a kno\vn 

distance apart in the same horizontal straight line as the foot of the tower 
(a.ssumod to bo on the .same level as the so.xtant). The method of calcula¬ 
tion is loft as an exercise for the student. 


§ 3. Refraction at Plane Surfaces 

THE LAWS OF REFRACTION 

An isotropic medium is a substance which shows no differences of 
quality in different directions. 

When a ray of light passes from one medium into a second, its 
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ciii'oction is in general changed, and the direction of the refracted ray 
is found to ol>ey, for all isotropic media, the two laws of refraction 

here stated. 

Law I. The incident ray, the normal to the surface, and the refracted 
ray lie in one plane. 

Law II. The ratio of the sine of the angle of incidence to the sine 
of the angle of refraction is a constant for any two particular media 

and for light of a particular colour. This 
constant is called the refractive index (fi) 
in passing from the first medium into 
the second. 

Mtdiumi Thus if AB (Fig. 130) represent the 

surface of separation between the two 
media, SP a ray incident at the point P, 
and NPN' the normal to the surface, 
the refracted ray PR lies in the plane 
containing SP and NPN', and 

sin i . . 

T — =a constant = ,u». 
sin r 

Fio. 130.—I.aw i.f Ki-fraction ,, ... , ,, 

Here i is the angle of incidence, or the 
angle SPN between the incident ray and the normal, and r is the angle 
of refraction, or the angle RPN' between the refracted ray and the 
normal. 

The refractive index from medium 1 into medium 2 is written with 
distinguishing suffixes as i/x^. 

The absolute refractive index of a substance is the value of the 
constant when a ray pjisses into the substance from a vacuum ; this is 
nearly the same as the value obtained for a ray passing into the sub¬ 
stance from air. This may be written as fi. 

Expt. 99. Verification of the Laws of Refraction.—Place a rectangular 
pUuss block on a large sheet of drawing-paper, and mark its position by 
drawing a fine pencil lino round it. Tlien set up two pins on on© side of 
the block, so that the line joining them may represent the direction of a 
ray incident obliqxiely on the glass face. The two pins should be at least 
10* cm. apart. Look through the glass from the opposite side and move 
the head until both pins can be seen. Then, using one eye only, move 
the head until the two pins appear to be in one straight line. Set up 
two more pins between the block and the eye, so that these also appear 
in line with the two pins on the far side of the block. The second pair 
of pins should be at least 10 cm. apart. Note that when the eye is just 
on a level with the surface of the paper the points where the four pins 
pierce the paper appear to be in one straight line. Since the block is 
rectangular, the normal to the refracting surface lies in the plane of the 
paper, so that the first law of refraction is verified. 

Mark the positions of the pins (C, D, E, F) and remove pins and 
block from the paper. Join CD and produce the line to meet the first 
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surface of the block at P. Join EF and produce the line to meet tlie 
secoiul surface of the block at Q. CD is e\itlently the directioti of the 
inci<leat ray and KF that of the emerjring ray ; hence the i jjy enlercil the 
jilass at P and emerged at Q. Join PQ ; then PQ represents the direction 
of tlie ray of light through tl»e glass. Verify that tl>o emergent ray EF 
is parallel to the incitlent ray CD. Draw the normals at P and at Q. 



The angle of incidence at the first surface is SPN. Call this angle i. 
The angle of refraction at the fii-st surface is N'P(?. Denote this by r. 
The corresponding angles, MQR and M'QR at the second surface, are 
denoted by i' and c re.spectiveiy. 

To find the ratio of sin i to sin r two methods may bo employed : 

(1) Measure the angles i and r with a protractor, and look up the 

values of the sines in the tables (p. 073). Calculate the value of . 

Sin r 


(2) A Graphic Method.—Describe a circle with P as centre an<l a radius 
of at least 10 cm. Find the point S where the incident ray cvits the circle, 
and also the point R where the refracted ray PQ (produced if nece.ssary) 
cuts the circle. From S and R draw perpendiculars SN ami RN' to the 
normal at P. Measure carefully the lengths of these perpendiculars. 

sin i _ SN/SP _ SN 
siii r"RN7RP”RN'' 

. . r SN 

Calculate the value of 


In order to verify the second law of refraction the determination 
miist be repeated for at least two other positions of the incident ray. The 

values of obtained for different values of i should be in close agree- 
sin r 


tihra^y Sri Fratap Cdlegt, 
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iiicTit. Tho mean of tlirse \ nlufs may bt taken to represent the lefractivo 
iruU'x iii the jzlass. 

A similar (l<-terininutii>n may be npplierl for the retraction at tho 

ain r . ^ ^ 

sSCcoikI surface of tho fzlass, showing ts a constant. 

1^111 c* 


'J'he f'u-st constant (ieterinined, J. is the refractive index from air 

vsij^ r ' 

4 

to gln'<s. 

The secorul eonstant is tlio refractive index from slass to air. 

'[‘hey may he denoted by and respectively. It will he found that 

'I'liis^enn be dediie«*<l from the facts that the block of plass is parallel- 
si«led and the emerpinp ray is parallel to the incident ray, or ? = c and r = i'. 


H<*nco 


sin } sin e 1 
sin r sini' 


Since i r, there is no (hrioftoi produced by refraction tliroiigli a 
parallel.sided Idoek of any medium, the deviation at tlie one surface being 
exact Iv reN'or-seil nt the other, 

4 


REFRACTION THROUGH A PRISM 

Wlicn a ray pa.s.scs through a ])rism of glass, or of some optically 
dense medium, us in Fig. 132, the deviation at the first surface is usually 



followed by a deviation tn the same direction at the second surface. 
Even if this be not the case, there is o/i the whole a deviation produced 
wlien a ray of light passes through a prism, the ray being bent towards 
the base of the prism. The angle between the direction of the emergent 
ray QT, and the direction of the incident ray SP, is called the angle 
of deviation. It is the angle marked D in Fig. 132. The amount of 
deviation produced by a given prism varies with the angle of incidence. 
It can be shown both by theory and by experiment, that the angle of 
deviation is least when the ray passes through the prism symmetrically j 
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that is, when the direction of the ray in the glass (PQ) makes equal 
angles with the sides of the prism. The prism is then said to he in the 
position of minimum deviation. 

In this case it can be shown that if i and r arc the angles of inchlcnce 
and refraction, the deviation D = 2/-2r, and the angle of tlie prism 
A=2r. 

Tliis gives i = i(A + D) and r = ^A. 

Consequently 

sin i sin A(A + D) 

u=-~- — -r—r-;— . 

^ sm r sm ^A 

To find the refractive index of the glass of a pri.sm we measure 
the refracting angle A of tlie prism, and the angle D of minimum 
deviation, and calculate from the formula 

_sin J(A + D) 

^ sin JA 

Expt. 100. Refraction through a Glass Prism, using Pins.—Place a 
large glass prism on a sheet of drawing-paper with its refracting edge 
vertical, markittg its position with n fine pencil line. Place a pin very 
close to one face of the prism and another pin about 10 cm. away from 
the first. Look into the other sitlc of the prism, moving the eye until 
the two pins wlten seen through tlie refracting angle of tiie prism appear 
to bo one behind the other. Place two pins between the eye and the 
prism, in line with these first pins as viewed through the prism. Draw 
the incident and emerging rays, produce them until they meet, and find 
the resulting angle of deviation : find also the angle of emergence. Keep 
the first pin in the same position in contact with the prism side, but place 
the second pin so that the incident ray considered makes a different angle 
of incidence with the prism face ; find the corresponding emerging ray 
and angle of deviation. 

Repeat this for several angles of incidence, altering this by at a 
time, and plot n curve showing the variation of the angle of deviation 
with different angles of incidence. 

This curve will have a minimum value corresponding with a certain 
angle of incidence. Show’ that for this value the angle of incidence and 
the angle of emergence are equal. 

Expt. 101. Determination of the Angle of Minimum Deviation for a 
Prism (Pin Method).—Place the prism on the drawing-board as before, 
with a pin in contact with one of the sides including the refracting angle, 
and a second pin about 10 cm. from this. 

Observe these pins by looking through the refracting angle from the 
other side of the prism, placing the eye so as to see the two pins, one 
behind the other. Rotate the prism about the pin in contact with the 
side, moving the eye so as to keep the pins one behind the other in all 
positions of the prism. 

The prism when rotated in one direction will require the eye to move 
in the direction in which the refracting angle points ; reversing the 
direction of rotation will require a motion of the eye in the opposite 
direction (Fig. 132). In the first case, the motion of the prism reduces 
the deviation of the light, and as this is what is desired, the prism must 
be rotated so that the eye, when sighted on the pins, moves in the 
direction in which the refracting angle points. 
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When the prism hua been rotnteil throuiili some angle in this manner. 
Die pins will appear to bo .stationary for n little while, although the prism 
IS being movil slowlv oil the time. A further rotation of the prism 
re<iuircs the eve to rriTr*T it.s former motion. This means that the 
clfviatioii is beginning to incna.sc again. The firism must be 
back again .slightlv until the eye is as near the dotted line OK as possible. 

W'lien tlie r>rism is in the po.sition of minimum deviation, set up two 
pins to innrk tlie direction of the emergent ray, and trace the outline ot 
tlie prism on the |mpcr marking the refracting angle A. Phe prism and 
the pins may now l>e removed, and the iliagram completed by producing 
the incident and tlie emergent rays so as to show tho angle of minimum 
deviation D. As a cli<‘ck on the accuracy of the setting, notice whether 

the path of the ray through the glass 
makes equal angles with the faces of the 
[irism. 

To determine the refractive index of the 
glass by means of the formula 

_sin J( A-tD} 

^ sin jA 

two metluxis may he employed :— 

(1) With the Protractor.—Measure the 
angles A and D with the protractor, and 
fiml tho values of sin ^(A+D) and sin JA by 
means of the tables. 

(2) A Graphic Method.*—Ther angle of 
minimum deviation GKT having been 
marked on tho paper as already described, 
the prism is placed on the paper so that 
one edge coincides with the direction of the 
emergent ray KT, and the vertex of the 

prism coinciiles with the point of intersection of the incident and emergent 
rays at K. The angle of the prism is then marked on the paper by draw* 
ing a line along the second e<Ige <>f the prism, as in Fig. 133. With K as 
centre and a radius of 10 or 15 cm. a circle is <le8cribed, cutting tho three 
lines in X, Y, and Z. 

Then from tho geometry of the figure 

sin j(A + D) _XY 
sin AA XZ’ 

and therefore 

XY 
^ “ XZ* 

Measure Dm lengths of XY and XZ and calculate tho value of fi. 



Fifi. 133.—Grnplilr Mot1i<xl for m 


TOTAL INTERNAL REFLECTION AND THE CRITICAL ANGLE 

When a ray of light passes from a denser into a rarer medium, it is 

bent atmu from the normal, and is <1. 

Tlius the angle of refraction increases more rapidly tlian the angle 
of incidence. 


* For this method wo aro indebted to Dr. \V. Wilson, our colleague at King's College, London. 
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For a certain jiarticiilar angle of incidence wlien i = C say, the emerg¬ 
ing ray just grazes tlie surface, or is parallel to the surface, so that the 

sin C> 

angle of refraction r is 90®, and thus -—refractive index from 
® sm 90 

the denser to the rarer medi»im. 

But sin no* = 1 ; tlierefore this refractive index is etjual to sin C. 

Light incident at an angle greater than this angle C cannot emerge, 
since the angle of emergence would rccpiire to have a sine greater than 
unity, which is impossible ; the 
whole of the light in this case wouM 
be reflected totally internally. 

This limiting angle 0, which is 
the angle of incidence for grazing 
emergence, or wliich is the smallest 
angle of incidence for which total in¬ 
ternal reflection occurs, is called the 
critical angle for tliis pair of media. 

If the rarer medium is air, sin C 
is the reciprocal of the refractive in¬ 
dex for the denser medium (p. 198), 
since it i.s the refractive index from 
the dense medium into air. 

Expt. 102. Determination of the 
Critical Angle.—A thin film of air is 
enclosed between two parallel plates of plate glass which are kept separate 
bv n thin india-rubber ring, or an annuhis cut out of tinfoil. Tliis 
appax*atus is fixed to a vertical spindle parallel to the faces of the plates, 
so that the whole may be rotated about a vertical axis. The angle of 
rotation can be measui’ed by means of a co-axial circular scale, AA' 
(Fig. 134). 

The glass plates with the enclosed air film dip into the liquid of which 
tlie critical angle is to bo determined. The liquid is containetl in a cubical 
glass box BB', the sides of wliich are of plate glass. 

A beam of light is passed through the liquid in a direction at right 
angles to one pair of sides. In order to obtain a definite beam, two narrow 
slits S, Sj are employed, so that the eye looking through one slit receives 
the beam from a source of light beyond the other slit. 

When the air film is perpendicular to the path of the beam of light, tho 
light passes through it. As the spindle is rotated, the angle of incidence 
of the light passing from the liquid to air increases until the critical 
angle is reached. If the spindle is rotated through a greater angle, total 
reflection occurs, and no light is transmitted. The position on the gradu¬ 
ated circle at which this occurs is noted. The cell is then rotated back 
so that the light is transmitted again, the rotation being continued until 
the light is extinguished once more. The angle through which the cell 
lias been turned is equal to twice the critical angle for the liquid. 

The refractive index of the liquid is then obtained from the formula 

I 
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Dotormiiio in tliis way the critical angle and the refractive index 
for watrr. 


Tha ext irict i(»n takofl when the light is incident in gl/isfi to the air film 

bctwoc'i) t ho gla^vs platos. Hiat is whoa tlio anRleof incidence in the glass is the critical 
anylo for irlass. The critical anclo obtained, however, is tlie critical angle for 



REFRACTIVE INDEX BY APPARENT THICKNESS 

To an observer looking vertically into a pond the depth of the 
water appears less than it actually is. In the same way the thickness 
of a slab of glass appears smaller than its real thickness to an observer 
looking through it. This is a direct consequence of the bending or 
refraction of the light in passing from the water or the glass into 
the air. 

Let P be a point from which rays of light pass to emerge at the 
surface SS' separating the two media (Fig. 136). Two rays PS, PS' 
equally inclined to the normal PO will be refracted in directions SQ, 
S'Q' as shown. The directions of these refracted rays, if produced 
backwards, meet in a point P'. An observer looking into the optically 
denser medium and receiving these two rays would infer that the 
point P' represented the position of the object. 

If fi be the refractive index in passing into the denser medium, 

sin QSM sin SP'O 
^~sm PSN sin SPO 

OS/SP' SP 
“ OS/SP SP'‘ 

When the observer is looking normally into the slab, the angles 
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OPS and OP'S arc very small, so that SP becomes practically the same 
as OP, and SP' as OP'. 


Then 


OP _ Real thickness ^ 
^ ~ OP' ~ Apparent thickness 


If then we measure tlie real thickness and also tlie apparent thick¬ 
ness we can determine at once the refractive index of the material. 


Expt. 103. Refractive Index for Water by Apparent Depth.—Place a 
small white object at the bottom of a can or beaker. A pointed piece of 
white paper weighted by a coin will serve admirably. The bottom of tlie 
can mu.st be blackon<‘il, or the 
beaker must stand on black paper 
or a tlark bench. Fill the vessel 
with water, and place it at sucli 
a height that the observer can look 
down into it. Then fix a second 
paper pointer in a stand so that its 
iieight above the surface of the 
water can be a<ljusted. On looking 
down into the water the limt paper 
can lie seen w ithout difficulty, and 
a reflected image of tlie second 
paper formed by reflection at the 
water surface can also bo <listin- 
guished, provided the lower face of 
the second paper is well illuminated. 

'l’l>e iieight of the second paper 
must now he adjusted until there Fai. 13C.—Ain’^rent Thickiu-ss 

is no parallax between the two 

images in question. 'I'lie reflected image and the refracted image are now 
coincident : but the image formetl by reflection is at the same distance 
below the water surface as the paper pointer is above that surface. Con¬ 
sequently the apparent tlepth is equal to the distance of the second 
paper above the water surface. Mea.sure the apparent depth and the 
real depth and calculate the refractive imlex. 

E.xpt. 104. Refractive Index for Glass by Apparent Thickness.—Use a 
large rectangular block of glas.s placed on a sheet of white paper ncro.ss 
which a straight line has been drawn. On looking down from above the 
whole of the line can be seen, but part of it is viewed through the glass, 
part of it through air alone. The part of the line seen through the glass 
i.s apparently raised. Its apparent position is determined by raising or 
lowering a horizontal pin placed parallel to the line, with its point in 
contact with the side of the block, and finding when there is no parallax 
between the point of the pin and the line seen through the glass. The 
pin for this purpose should be mounted in a stand capable of vertical 
adjustment. 

Measure the distance from the point of the pin to the upper surface 
of the glass, and also the real thickness of the block of glass. Calculate 
the refractive index of the glass. 

This method is suitable only for thick blocks of glass. For thin sheets 
(2 cm. thick or less) a vernier microscope with a vertical adjustment is 
often employed. 

Expt. 105. Refractive Index by using a Microscope.—The microscope 
is adjusted so as to be in focus (a) on the paper, or some other flat surface. 
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.vhnn tl.rro is no ^rlass. (ft) on tho paper through the glass, and (c on the 
uDPersuifiu-oof the glass, care heiiig taken that there is no parallax be- 
t'v!-«-n'th<- image seen aiul the cn>ss.liairs of the microscope in each case. 

Fi<nn tlie rea«lings of the vernier scale m these positions both the leal 
thickness and tla- apparent thickness of the glass plate are easily deduced. 

Tlie refractive index is tlien calculated as before. wi • *i 

The method with the vernier microscope i.s also applicable m the 
case of liouiils of which only small quantities are available. Focu.s the 
microscope on the base of the containing vessel when it is empty and 
also when it is full. an<l again on the upper surface of the liquid, on 
wiiich a notttiiig speck of lycopodium lias been placed. 


§ 4. Caustic Curves 

In tlie elenuMitarv theory of reflection and refraction at plane and 
spheiical surfaces, it^s assumed that a pencil of rays proceeding from 
a given point will, after reflection or refraction, converge to or di¬ 
verge from a second point — the 
conjugate focus. In general, this 
is only approximately true. Two 
consecutive rays may intersect one 
another, but the point of intersec¬ 
tion need not exactly coincide with 
the point of intersection of two 
neighbouring consecutive rays ; all 
the rays touch a certain curve called 
the caustic curve. 

As an example, con-sider reflection 
at a concave hemispherical mirror 
when the incident rays are all parallel 
to the principal axis. Fig. 137 shows 
that only rays near the axis pass 
through the principal focus half-way 
between C and A. The other reflected 
rays touch a caustic curve which is 
symmetrical about the axis and has 
a cusp at the point F which is the 
principal focus of the mirror. 

Fio. 137.—Caustic by Reflection 

Expt. 106. Caustic by Reflec¬ 
tion.—Make an accurate drawing to scale in the note-book showing tho 
caustic curve when parallel rays fall on a hemispherical mirror. 

Draw a semicircle to represent a section of the mirror. Then draw 
any ray parallel to the axis CA. The corresponding reflected ray may 
be found by a simple construction. Draw a circle with centre C so as to 
touch the incident ray. Draw another tangent to this circle from the 
point where the incitlent ray meets the mirror. This tangent represents 
the reflected ray. (Prove this.) 

Repeat the construction for several rays parallel to the axis, and 
draw a curve to represent the locus of intersections of consecutive 
reflected rays. This curve is a section of the caustic by reflection at a 
concave hemispherical mirror for incident rays parallel to the axis. 
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TliiO caustic cur\-e formed by refraction through a glass block may bo 
traced experimentally b\- means of pins. 

Kxm'. 107. Caustic by Refraction.—Lay tlie glas.s block on a sheet 
of draw ing paper and fix a pin about 2 cm. from one corner on one of the 
longer sides as at (Fig. i:i8). Mark off a munber of points P,, IL, Pj, 
... on the opposite side of the block Jialf a centimetre apart. Place a 
pin at one of these points, P, say, and determine wliere anothei- pin P,' 
must be placed, so that on looking through the block the three pins 
appear in a straight line. Repeat the observation for each point P. 
\Vhen all the points have been found, remove the glass block, tlie trace 



of wiiich should be marked on the paper. Join the points Pj P,' by a 
line and produce it in both directions. Join the points Pj P^' in the 
same way. These two lines will meet in a point which represents the 
virtual imago of the pin A as .seen by an eye near P,'. Join the remaining 
paire of points in the same way. If tho work has been tlone carefully it 
will be found that all the lines touch a caustic cui've having a well-defined 
cusp. 

In onler to obtain both branches of the caustic curve, it may be 
necessary to shift tho glass block sideways to the position indicateil by 
the dotted lines. To an eye looking normally through the block, tho 
virtual image would appear at the cusp of the caustic. The diagram 
should accompan}’’ the student’s notes or be reproduced in the note-book. 

Next calculate the refractive index of the glass by the formula 
proved on p. 203. 

Real thickness of block 

it ^5 I . . . - . , ,, • 

^ Apparent thickness of block 

The apparent thickness is the distance from the face of the block nearest 
tho observer to the cusp of the caustic curve. The real thickness sliould 
be measured with a pair of callipers. 

^OTE.—The position of the point of the cusp A' cannot be determined 
with great accuracy, and the value of fx obtained by this graphic con¬ 
struction is therefore not very exact. 






CHAPTER II 


SPHERICAL MIRRORS 
§ 1. Introductory Theory 

The mirror usually considered in elementary work is a polished surface 
having the form of a portion of a sphere. The centre of the sphere 
of which the mirror forms a part is called the centre of curvature of 
the mirror. If the polished surface faces the centre of curvature the 
mirror is concave, if the polished surface faces away from the centre of 
curvature the mirror is convex. The centre of curvature must be dis- 
tinguished from the centre of the face of the mirror, which is usually 
called the pole. The axis of the mirror is the line joining the centre of 
curvature to the pole. The angle subtended by the diameter of the 
face of the mirror at its centre of curvature may be called its aperture ; 

the aperture of a mirror is usually small. 

If a pencil of rays parallel to the axis fall on a spherical mirror, 

they will either converge to (in the case of a concave mirror) or diverge 
from (in the case of a convex mirror) a point on the axis, called the 
principal focus of the mirror. 

The principal focus of a spherical mirror is situated half-way between 
the pole of the mirror and the centre of curvature. 

If a point source of light be placed at the principal focus of a 
concave mirror, the emergent pencil will consist of rays parallel to the 
axis. If a convergent pencil be directed towards the principal focus 
of a convex mirror, the emergent rays will be parallel to the axis. 

Definite conventions must be adopted with regard to the signs to be 
attached to distances measured on the axis of a mirror. The following 
are frequently employed and were used in earlier editions :— 

(1) All distances are to be measured/rom the pole. 

(2) Distances on one side of the mirror are considered positive, on 

the other side negative. 

(3) Distances are to be considered positive when measured in a 
direction towards the source of light. 

With these conventions the radius of curvature and the focal length 
of a concave mirror are reckoned positive, while the radius of curvature 
and the focal length of a convex mirror are reckoned negative (Fig. 139). 

Alternative systems of conventions are given on pp. 545-555. 
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Two points on the axis are .sai<i to be conjugate foci wlien a pencil 
of rays diverging from one point and rericctcd from the mirror either 



Concave Mtrrof Convex Mirror 


Fto, 13U.—CoDcave ami Convex Mirrors 


converge to or diverge from the second point. One point may be called 
the geometrical image of the other point. 

In the case of a mirror, radius of curvature r, focal length /, the 
distance u of the object from the pole and the distance v of the image 

from the pole are connected by the _ 

formula . 

u f r‘ / 

The curvature of a spherical sur- / \ 

face may be measured bv the reciprocal / m O 

of the radius of the sphere. It is easy ^ U- r - 

to see that the surface of a sphere of \ j 

large radius has small curvature, \. / 

while the surface of a sphere of small \ / 

radius has large curvature. Thus if r 

denote the radius of a spliere, the no. i 4 o.-< Nrv.„,rc of Arc 
curvature of the surface may be de¬ 
noted by R, where R = l/r. Opticians use a special unit for 
measuring curvature, the DIOPTRE. This unit represents the cur¬ 
vature of a sphere having a radius of 1 metre. 

Hence the curvature in dioptres 

1 _ 100 39-37 

~r (metres) r (cm.) r (in.) 

The following table should be studied in order to form definite 
ideas as to curvatures expressed in this way :— 


Fl(i. HO.—t’lirvaliire of an Arc 


Curvaturo in dioptres 1 


2 2-5 3 



5 10 20 ! 25 50 100 


Radius of curvature \ 

in cm. . . 100 50 40 33-3 25 i 20 10 5 


The Curvature of a Small Circular Arc is Proportional to the Sagltta of the Arc. 
—If AMB bo the chord of an arc APB, the distance PM on the diameter bisecting 
the chord at right angles is called the sagitta or sag of the arc. 
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Relation between Curvature and Sagitta of Arc.—In log. 140 PQ 
and A15 are two chords intersecting ot M. 


Hence 

so tliat 


or approximately 


PM.MQ = MA2, 

MQ- 

MA2 


PM = 


PM = 


2r 


2 


- xR 


'I'hus in tlie case of a number of small circular arcs having the same 
cliord, the curvature of any arc is proportional to the sagitta. The 
sagitta is tlic distance measured by an ordinary spherometer, and it is 
possible to construct a spherometer which shall determine the curvature 
of a surface directly in dioptres. Simple instruments based on the 
same principle are used by opticians for measuring the curvature of 

the surface of a spectacle lens. 


§ 2. Formation of a Real Image by a Concave Mirror 

Image and Object Coincident.—If a small bright source of light be 
placed at the centre of curvature of a concave mirror, all the rays of 
liglit will fall on the face of the mirror normally. Consequently each 
ray will be reflected back along its original path, and all the reflected 
rays will pass through the centre of curvature. Thus an image of the 
source will be formed at the point of intersection of the rays at the 
centre of tiie sphere. Hence image and object coincide in position 
wlien tlie object is at the centre of curvature, and an inverted image 
will be formed. 

ExPT. 108. Determination of the Radius of Curvature of a Concave 

Idirror._The position of the centre of curvature can be found readily 

bv sotting up a small object such as a pin, and finding, by the method of 
parallax, the po.sition in which the object and the image coincide. The 
mirror may bo fixed with its face vertical, in which case it should be set 
np on a table, or it may be fixed with its face horizontal, in which case it 
should be placed on a stool of convenient height so that the observer 
can look down into it from above. On looking into the mirror the 
observer will see tlie reflection of his own face. Using one eye only, the 
head should be moved until the reflection of the open eye is seen in 
the middle of the mirror. Then the eye and its image are in the axis of 
tlie mirror. 

Support a pin in a suitable stand and place it so that the point of the 
pin lies on the axis of the mirror. When this is the case the point of the 

Pin imagt 

Fio. 141.—Coincidence of Pin Point and its Imago 

pin will appear to overlap the image of the eye seen in the mirror. If this 
adjustment is correct an image of the pin should be seen in the mirror, 
and, provided the pin is not too near the mirror, the image should be 
inverted. The important point to be observed for success, in practically 
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nil optical expcriiiicnts nsini; is tliat the ol)scTvcr should pot as far 

a\va_\’ as coiivtaufiit from Iho mirror or lens, jmd tlie oI>j<“ct-pin slioiild 
nls<) 1)<‘ at a corisiderahle distance*. 

'I'la* adjustment so far made* secures that the point of the pin lies 
on tile axis of the* mirrejr, ljul tin* ol)jcct and imape do not ne<-essarily 
coincide*. 'I’he pin must l>e nutxfel so tliat, to the eye loeikinp edonp tlu^ 
axis, till* point of the pin anel the* jxiint of the imape coini*iele. 'I’o test 
for such coincidence* the inethoil of parallax is employe*d (se*e p. 191). 

When no paralhix can he deiectcil the point of the pin is at the centre 
of curvature of tlie mirror. Mea.sure the radius of curvature, that is the 
distance from the pole of the mirror te) the point of the pin. 

C’alcuhite the curvature of the .surface in dioptres. 

To check the result, the raelius of curvature may be mca.sured by 
means of the spherometer, but it must be remembereil that in this case 
it is the front surface of the mirror that is employed, while in the r»ptical 
measurement it is usually the back surface that is made use of. M'any 
so-called concave mirrors are actually converpinp lenses mounted with a 
jjlane mirror behind them, or they may be lenses silvered on tlie back 
surface of the lens. 

Conjugate Foci.—When an object is placed between the principal 
focus and the centre of curvattire of a concave mirror, a real, inverted 


image is formed at a distance from the mirror greater than the radius 
of curvature. Sucli an image can be received upon a screen, as the rays 
forming the image actually intersect. 

Exit. 109. Determination of the Positions of Conjugate Foci of a 
Concave Mirror, and Deduction of the Focal Length.—Determine the 
radius of curvature of the mii*ior by the method described in Exi>t. 108. 
The principal focus is midwa;^’ between the centre of curNature and the 
pole of the mirror. Place the pin, with its |)oint .still on the axis of the 
mirror, between the centre of curvature and the jirincipul focus but not 
far from the centre of enr\*alure ut first. For this position of the pin an 
image will be formed real, inverted, and mapnifictl, at a distance from the 
mirror prcat<*r than tlie ra<lius of curvature. 

To find the image, the observer should get at a considerable distance 
from the mirror, with liis eye on the axis of the mirror (see p. 208). An 
inverted image of the pin will then he seen. For convenience, the object- 
pin may bo provided with a small flag of jiaper to facilitate the recognition 
of it.s image. 

Now take a second pin and set it up with its point along the axis of 
the mirror and adjust it by the parallax method, until it is in the con¬ 
tinuation of the image of the first pin. Having found the correct position 
for the .second pin, measure, as accurately as possible, the distance from 
the pole of the mirror to the point of the first pin (u), and the distance 
from the polo of the mirror to the image, that is to the point of the second 
pin (!’)• 

Repeat the experiment for three or four positions of the object, 
moving the object nearer to the principal focus for each successive 
experiment. Note that the image moves further from the mirror as the 
object approaches the mirror. 

The focal length of the concave mirror is now calculated in each 
case from the formula 

E + I =? =!• 

V u r f 

Great care must be taken in applying this algebraic formula. See the 
important note at the top of p. 210. 

H 
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Signs in Optical Formulae.—In using any formula for mirrors or 
for lenses, the signs in the formula must never be altered. The values 
of the various quantities observed, ?<, v, etc., should be written down at 
the side, with the proper sign (+ or -) prefixed according to the conven¬ 
tions on p. 206. They should then be substituted in the formula, and 
no ‘ rectification ’ of signs should be made imtil the actual numerical 
values have been substituted in this manner. Failure to observe this 
rule is certain to lead to errors, especially in the more complicated ex¬ 
pressions which are used in dealing with lenses.' 


§ 3. Formation of a Virtual Image by a Spherical Mirror 

When a real object is placed in front of a convex mirror, or between 
tiie pole and the principal focus of a concave mirror, the image formed 
is virtual. The directions of the retlectcd rays, but not the rays tliem- 
selves, intersect; consequently such an image cannot be received 
uj)on a screen. 

Expt. no. Determination of the Focal Length of a Convex Mirror by 
the Pin Method. 

Method I.—Place a pin in front of a convex mirror. Tlie image is 
always behind the mirror, but its position can be found if a large pin is 
placed behintl the min'or, and adjusted until its head, as viewed over 
the top of the mirror, gives no parallax with the virtual image of the 
first pin as seen in the mirror. Owing to spherical aberration, the adjust¬ 
ment cannot be carried out very accurately if the aperture of the mirror 
is large. Soinetimc.s a small area of the silvering is removed from the 
centre of the mirror and the pin behind the mirror is viewed through 
the transparent hole left. 

Observe the jiosition of the reflected image for several positions of 
the object ; note that as the object approaches the mirror the image 
also is brought nearer to the mirror. Measure u and v in each case. 

Calculote the focal length of the mirror for each pair of distances 
obtained, taking special precautions as to the signs of these quantities 
(see note above). 

For other methods of finding the radius of curvature suitable for use 
with a convex mirror see pp. 217-219. 

Expt. 111. Determination of the Focal Length of a Concave Mirror 
by means of a Virtual Image.—Carry out a similar experiment with a 
concave mirror, placing the object-pin between the principal focus and 
the pole of the mirror, and locating the virtual image either by looking 
over the top of the mirror, or through a hole in the middle. 



CHAPTER III 


LENSES 

§ 1. Introductory Theory 

The lens considered in elementary work is bounded by two surfaces 
each of whicli forms a portion of a sphere. Tlie lens is su])posed to be 
thin, that is, the distance between the two .surfaces i.s small compared 



with the radius of curvature of either surface. xSince there are two 
surfaces there must be two centres of curvature and two radii of curva¬ 
ture. If one surface of the lens is plane the corresponding radius of 
curvature is infinite. The line joining the two centres of curvature is 
called the axis of the lens. 

Lenses may be divided into two classes, converging and diverging. 

A converging lens is thicker in the middle than it is at the edges. 
This is often called a convex lens. 

A diverging lens is thinner in the middle than it is at the edges. 
This is often called a concave lens. 

Lenses (unlike mirrors) possess two principal foci and two focal 
lengths, which are, however, equal to one another numerically. The 
focal length is the distance from the lens to a principal focus. 

The first principal focus is the position of the object (point) for 
which the image is at infinity. It is the point corresponding to parallel 
emergent rays or the point for which the out-rays are parallel. 

The second principal focus is the position of the image (point) when 
the object is at infinity. It is the point corresponding to parallel 
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incident rays nr tlic point for which the in-rays are parallel. It is 
sniiietimcs called the solar focus. 

A plane <lra\vn jierpondicular tf) the axis through the point where 
the axis meets tlie lens i.s called the principal plane of the lens ; planes 
drawn perpendicular to the axis through the focal points are termed 
the focal planes. 'J’he optic centre of a thin lens is the point where the 


axis meets the lens. 

The angle subtended by the diameter of the lens at a principal 
focus may be called the aperture of a lens ; the aperture of a simple 
lens is usually small. 

As in the ease of mirror.s, definite conventions must be used with 
regard to tlie signs of all distunees measured along the axis. The older 
conventions, used in this eluxpter, are as follow'S :— 

(1) All distances are to be measured from the centre of the lens. 

(2) Distances on one .side of the lens are considered positive, on 
tlie other side negative. 

(3) Distances are to be considered positive when measured in a 
direction towards the source of light. 

Alternative systems of conventions are given on pp. 545-555. 

In speaking of tlie focal length of a lens, it is customary to consider 
tlie distance from the lens to the second principal focus as the focal 
length. With the conventions adopted, it follows that the focal length 
of a convex lens is to be leckoned negative, and the focal length of a 
conc<7t’€ lens -positive. 

In the case of a lens of focal length /, the distance u of the object 
from the lens and the distance v of the image from the lens are connected 
by the formula i i i 

V n f 


If w’e put 



^ =U, and > =F, 
u ^ f * 


the formula may be written 


V-U = F. 


In this equation U measures the curvature of the incident wave- 
front, V the curvature of the w'ave-front after passing through the lens. 

The quantity F, which is the reciprocal of the focal length of the 
lens, IS called the focal power of the lens. 

From the point of view of the Wave Theory of Light, this formula ex- 
presses the fact that the change produced in the curvature of the wave- 
front by the lens is equal to the focal power of the lens. These curvatures, 
and also the focal pow’er of the lens, are measured in dioptres (p. 207). 
The focal power of a lens is 1 dioptre when its focal length is 1 metre. 

Spectacle-makers call the focal power of a convex lens positive, 
and that of a concave lens negative. This convention is the opposite 
of that adopted above. 
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§ 2. Simple Experiments with Lenses 

Enpt. 112. Determination of the Character of a Lens.—A siinj^h*. Nft 
<l«‘licate, test for (li.stinpuisliing Ix^tween a convex niul a conca\-f It'iis is 
to }»ol<l the lens jnst in front of the eye, anti to move it from side to siilo 
M'hile viewing a distant object through it. If the object appear to mo\o 
ill tlio opposite direction to the lens, the len.s is rom-tjr; if the object 
aj)j)ear to move in the stunc direction as the lens, tlie Umis is coucaie. 

Test a nuinber of thin len.ses in thi.s way, anti separate the coiiNorging 
from the diverging lenses. Then combine the lenses in paii-s and dettn-* 
mine whether the combination is converging or diverging. 

Examine the image formed by a convex lens of focal length 20 or 
30 cm. When the lens is close to the ej’e, the image is erect and magni¬ 
fied. If the object is distant the image seen will be blurred, but objects 
at a smaller distance will give distinct virtual images. If, whtai viewing 
a distant object, the lens is moved away from the eye, the image become.s 
more and more blurred, until at a certain distance it is impossible to 
distinguish the character of the object at all. If, how<?\'er. tht? lens i.s 
moved still further from the eye an inverted image will bt- seen. This is 
a real image formed between the lens anti the eye. 

Examine, in a similar way, the image formed by a concave lens. Tlio 
image is always erect, diminished and virtual. 


METHODS OF DETERMINING THE FOCAL LENGTH OF A 

CONVERGING (CONVEX) LENS 

Method I. By 6nding the Image of a Distant Object.—If rays from a 
very distant source of light fall on a convex lens, they are rendered con¬ 
vergent and brought to a focu.s at the principal focus of the lens. 'Pho 
distance from the lens to thi.s point is the focal length of the lens, 

Expt. 113. Determination of the Focal Length of a Convex Lens. I.— 
A simple method of finding the principal focus of a convex lens consists 
in forming a rt^al imago of a distant object on a screen bj’ means of tho 
lens. If flirect light from the sun cannot be used, employ a distant lain|) 
or window as the object. Adjust the lens so that a sharp image is focused 
on the screen, and measure the distance from lens to screen. This is 
approximately the focal length. It is essential that the distance of tho 
object should be great compared with tlie focal length of the lens 
under test. 

Method II. By using a Combination of Plane Mirror and Lens.—If a point 
source of light be placed at the principal focus of a convex lens the rays 
emerging from the lens will be parallel to one another. If now n piano 
mirror be placed at right angles to the emergent rays, they will be reflected 
back along their original path and after passing through the lens will form 
a real image at the point from which they started. 

This fact may be made the basis of a simple method of finding the 
position of tlie principal focus of a conve.x lens or of any converging system 
of lenses. 

Expt. 114. Determination of the Focal Length of a Convex Lens. II. 
—Place a piece of plane mirror face upwards on a table ; on it place 
the lens to bo testetl. Support a pin in a stand so that its ])oint is 
vertically above the centre of the face of the lens. A paper flag attached 
to the pin may bo used with advantage in finding tho real inverted image. 
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r Whon tho pin is at a siifficit-nt distance from the lens the ‘^age^is real 
and in\orted. If the pin is lowered the imago l^ccomes blurred, “^<1 ii >t 
is lowon-d still furtlier the image is virtual and erect. The action of the 
romhination of Ions and mirror is similar to that of a concave mirror.} 
The observer must get as far away from the lens as convenient (sco 

Tlic\’)in mUt’ now be adjusted till the point of the pin and 
nf this real image coincide, that is until there is no parallax be ween them. 
The method of adjustment is exactly the same as that already described 

in the proces.s of finding the ra<liiis of curvature ® 

(n 208) When this position has been found, measure the distance 
l!^om the uppir surface*if the lens to the pin. and ^so the from 

the lower surface of the lens (that is the surface of the mirror) to the pm. 
Tilo moan of these distances pives tlio focal length of the lens. 

The same method may be applied when the lens and mirror 
supportetl with their faces vertical instead of horizontal. 

Method- III. By finding the Positions of Conjugate Foci.—In 
a pin is set up on one side of the lens so as to give a real image on the other 


Imagtof Pin No.1 



side of the lens, atul a second pin is adjustetl so as to coincide in position 

with this real image. x- c j t'i u* i- 

For this to be possible two conditions must be satished. Ihe object 

must be at a di.stance from the lens greater than the focal length. The 

distance between the two pins must be not less than four times the focal 

length. 


Expt. 115. Determination of the Focal Length of a Convex Lens, 
in.— The adjustment presents no difficulty if the pin be placed some 
considerable distance from the lens, and the observer place his eye along 
the axis of the lens, on the side remote from the pin, and at a considerable 
distance from the lens. The object-pin should be supplied with a small 
flag as before. When the inverted image of pin No. 1 is seen, set up a 
second pin (pin No. 2 in Fig. 143) and a<ljust it till its point coincide.s in 
position with the point of the image, using the method of parallax. 

Measure as accurately as possible the distance from the lens to the 
object («) and the distance from the lens to the image (a) and calculate 
the focal length by means of the formula 


III 

V u f 

Remember to take into account the proper signs for u and v when 
substituting the numerical values in the formula (see note on p. 210)._ 
Repeat the observations for two other positions of the object-pin, 
and take the mean of the values obtained for / to represent the focal 
length. Calculate also the focal power of the lens in dioptres. 
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METHODS OF DETERMINING THE FOCAL LENGTH OF A 

DIVERGING (CONCAVE) LENS 

MKTHOn I. By Use of a Distant Obiect.—Ir rays from a vcm v soiiroo 

of li^rht fall on a concave lens, they are rendered di\-crgent and apjiear to 
j)rocecd from the principal focus of the lens. 

Exi*t. IIG. Determination of the Focal Length of a Concave Lens. 
I.—Set up a retort .stand at a well-lighted window and at a distance of 
several metres from the conca\’e lens. Place the lens \‘erticallv in a 
holder, and view the retort stand through the lens. An erect virtual 
image of the retort stand will be seen, this image being on the .side of the 
lens remote from tlie observer. B;*- placing a pin on the .same .side as the 
retort .stand, but close up to the lens, the position of this image can be 
found. The pin is a<ljusted until, ns viewetl over tiie top of the lens, 
tliero is no parallax between it aiul the image of the retort 8tan<l viewed 
through the lens. The distance from the lens to the ])in is the focal length 
of the lens when this condition Ls satisfied. 


^Iethod II. By Determination of Conjugate Foci.—In the case of a con* 
cave lens a real object gives rise to a virtual image on the same side of tho 
lon.s as the object. 

Exi>t. 117. Determination of the Focal Length of a Concave Lens. 
II.—Set u{> a pin at a distance of about 1 metro from tho lens anti adjust 
a .seeon<l pin to coincide with tho image of the first pin formed by tho 
lens, in tho same way as described in Method I for u liistant oi)je(:t. 
Measure the distances of the object and imago from the lens. 

Repeat the experiment for several positions of the object and calculate 
the focal length of tho lens from the formula 

I I 

V u j 

taking due note of the signs of the quantities involved. 

Note, —The image seen through (he lens will bo <listorted in consequence 
of spherical aberration, and the adjxLstincnt of tho pin seen over the top, 
to the position where there is no parallax, is only approximate. 

Method III. By combining with it a Suitable Convex Lens.—Vhen two 
thin lcn.se.s are placed in contact the focal power of the combination is equal 
to the algebraic sum of tho focal powers of tho two component lcnse.s. 
Tliat i.s 

F = Fi + F2, 

or, since the focal power is inversely proportional to the focal length, 


1=1 + ^ 

f U h 


In these formulae F, / refer to the combination, F,./, to the first com¬ 
ponent, Fj./j to the seconfl component. 

Expt. 118. Determination of the Focal Length of a Concave Lens. 
HI.—If with the given concave lens a convex lens of sufTicient power (or 


I 



2ir, 


A TEXT-BOOK OF PBA(TK’AL PHYSIC'S 


FT. Ill 


r.f U>(:\\ l<-m:th) i-i combined, a combination is obtained wliieli 

acts hke a <<.nvex l.-ns. The focal lentrt). of this combination "''‘X 
rneasmed Bn anv of the metl.o.ls already ^iven for a c«»vex lens I ho 

focal le,n:tli of the simile convex lens may be measured m ' 

'rb<‘ focal l.-mitli of tlie concave lens may then be calculated bs substitut 

me the values obtaine.l in the formula above. , ^ 

S'!!re must be taken with rcKanl to sitrns. Aecording to the eon- 
ventions a.lopted. the bical lencth of a convex lens or of a coincij^in^, 
c.imbinatmn of lenses is to be consklered negative. 



CHAPTER IV 


FURTHER EXPERIMENTS WITH MIRRORS 

AND LENSES 

/ 

§ 1. Radius of Curvature of a Spherical Mirror 

Some simple methods of finding the radius of curvature of a spliorical 
mirror liave been described in Chapter 11. When the image formed is 
real, its position may be found accurately by the method of parallax. 
When the image is virtual, the results obtained by this method arc less 
accurate. 

RADIUS OF CURVATURE OF A CONVEX MIRROR 

JIethod I. See p. 210. 

Method I f. By using a Plane Mirror.—When an object is placed in front of 
a convex mirror, Iho image formed is necessarily virtual and lies between 



P/ane 

tAirt^r Mirror 


Fio. 144.—CoDvex Mirror and Plane Mirror 

the principal focus and the pole of the mirror. The following method, which 
is more generally applicable than the pin method already described, may be 
used to find the position of the virtual image. 

ExPT. 119. Radius of Curvature of a Convex Mirror. II.—Set up a 
pin some distance in front of the convex mirror. On looking into the 
mirror from a position behind the pin the virtual diminished image can 
be seen ca.sily. Now set up a piece of piano mirror between the pin and 
the convex inirror, so that its upper edge is on a level with the centre of 
the face of the convex mirror whilst its plane is perpendicular to the 
axis. Then on looking into the miri*or as before from a position behind 
the pin, only the upper half of the convex mirror will be seen, the lower 
half being covered by the plane mirror. Two images of the pin will be 
seen, one in the convex mirror, the other in the plane miiTor, the former 
being smaller than the latter, as shoAvn on the right of Fig. 144. The 
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piano mirror must now bo arljustod until there is no parallax between 
those two images : that is. until the imago in the convex mirror appears 
to hi' a er)ntimmtion of tliat in the plane mirror when the eye is moved 
into ditb'ront positions from si<lo to side. The image in the convex mirror 
should remain accurat<-ly in the centre of the plane-rniiTor image ; when 
tliis is the ease, the image Q formed of the pin V by the convex mirror at 
A coincides in position with the image of P fomu'cl by the piano mirror 
M. Measure the distances AP. AM. ami MP. (Verify the accuracy of the 
measuromonts by seeing that AP = AM + MP.) Since M is a plane mirror 
we know that MP = M(^. 

Hence find AQ which is the difference bi*t ween MQand A^I, thatis between 
MP and AM. W’e now know the nurntriral values of u, the distance of the 
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object from the pole, and of r. the distance of the image from the pole. 
W'c can th<*refore determine the rndiu.s of curvature r, or the focal length/, 
by means of the formula 

I I 2 I 
- + — — > * 

V u r j 

Pay special attention to the signs of the quantities considered. Several 
different determination.s .should be made, varying the positiorus of the 
j)lane mirror and of the pin. 

Method III. By using a Convex Lens.—When a suitable convex lens is 
placed between a pin and a convex iniiTor, it i.s po.s.sible to adjust the lens 
and the pin so that a real image of the pin is formed in coincitlence with the 
pin itself. 

When the point of the pin coincides with its image, ra}^ starting from 
the pin must retrace their original path after falling on the convex mirror. 
Tlie condition neccs.snry Ls tliat all the rays should fall on tlie mirror 
normally, or, in other words, that the rays after passing tlirough the lens 
should be directed towards the centre of curvature of the mirror (Fig. 145). 
If then we can find the point to which the rays of light converge after 
passing through the lens we can find the centre of curvature of the mirror. 

Expt. 120. Radius of Curvature of a Convex Mirror, in. —Set up a 
pin some thstance in front of the convex mirror. Between the pin and 
the mirror set up a convex lens so that its axis coincides in direction 
with the axis of the mirror. By properly adjusting the lens and (if 
nece.ssary) the pin, a real inverted image of the pin can be formed and 
made to coincide in position with the pin itself. Tliis coincidence can 
be tested by the method of parallax. ^Ieasu^e the distance LA between 
the mirror and the lens. 
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ReiTiovc the mirror altogether, but be careful not to alter the position of 
the lens and the pin. Tlu'Ji set up another pin so that its point may 
coincitle in position with tlie image of the first pin formeii by the lens, 
'lest the coincidence hy tlie method of parallax. Mea.sure the distance 
LC hetween the Ions and the second pin. Since the i>in is now in the 
position that was occupied by the centre of curvature of the mirror, 
the radius of curvature is found at once hy subtracting the fii*st measure¬ 
ment from the .second : j q _ j 

Non:.—A lens of suitable focal length sho\ild be chosen. The distance 
Lf’ must be greater than the focal length of the lens, and the distance I’C 
must he at least four times the focal length. 

The results of all the.se experiment.s may be checked by measuring the 
radius of curvature with the spherometer, but it must be noted that the 
spherometer gives the radius of the front surface while the optical method 
gives the apparent radius of the hack surface in the case of a glass mirror. 

Calculate also the curvature of the surface in dioptres. 

Exi»t. 121. The Radius of Curvature of a Concave or Convex Mirror 
by means of a Turn-table.—A convenient method of determining tho 
radius of curvature is by the use of a turn-tahle, consisting of a flat table 
which can turn about a vertical axis. The mirror is mounted on the table 
so that its axis Is parallel to the table. A low-power telescope is u.s(*d 
to view an ink-spot or a .speck of lycopodium at the pole of the mirror, 
and the f)Osition of the mirror on the table is adjusted till no motion of 
this spot i.s ob.served when the table i.s rotated. This point must then 
lio on tho axis about which the table is rotatetl. 

The telescope is now u.sed to view the reflection of some distant 
object in the mirror, and the mirror is adjusted again on tho turn-tablo 
till no motion of this reflected image can be ob.served when tho table is 
rotated. This will be the case when the centre of curvature of the mirror 
lies on the axis of rotation of the turn-table ; for then tho re.sult of 
rotation is merely to substitute one portion of the spherical surface of 
the mirror for another, so that no displacement of the reflected image 

takes place. , , . i • 

'The distance between the two positions of the mirror on the table is 

equal to its radius of curv’ature. 


§ 2. Focal Length of a Lens 

THE TELESCOPE OR RANGE-FINDER METHOD OF 

TESTING LENSES 

By the following method very accurate determinations of the focal 
length of a lens can bo made. The method is particularly interesting, as 
the actual position of tiie principal focus is determined both for a convex 

and a concave lens. ..... , , 

Light diverging from the first principal focus of a convex lens emerges 

from the lens as a parallel beam (Fig. 142). , , , , 

If a parallel beam fall upon a concave lens it is rendered divergent and 
appears to proceed from a point which is the principal focus of the lens 

^^'^'uVij'c'ca.se of thin lenses the distance between the !en.s and the principal 

focus i.s called tho focal length of the lens. 

The apparatus required consists of a needle with a sharp point mounted 
in a stand and a telescope with an eye-piece of high magnification. 
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T-xi't. 122. Determination of the Focal Length of a Convex Lens.— It is 
v to liXMi.s thr toloscope fiuofully for |mnillc-l light. If the telescope 
1 ^ r.iovKled u ith cross-wires, fir.st focu.s the eye-piece till tlie cross-wires 
me .-;eeii <listiiuOIv. aii-l then focu.s on a very distant object {.seen 
tlifouL'li an op«'n wiiiilow) fiO that iherc is no parallax between tho 
iiiinge I'll the eros.s-\\ ire mid the cross-wire. \\ lu*n once this adjust- 
ineiit Ims been iniicle it imi.st not be altered duHiig the course of the 
(•xpcM'iniriit. 

Srt u|i tUv t(‘tesco[i^ on tho table witli the axis horizontal, and plaoo 
the convex lens, the toeal length of which is to be measured, in front of 
th«’ object glass, taking care that th<* centre of the lens is on the axis of 
the leleseoiie. .Mount the tieedlo .so that its point is at the same height 
ns th(' eeiitre of the lens ami move it about in front of the lens till an 
linage is seen in the held cif the telescojie. 

.Adjust till* [losition of the needle carefully so as to give the .sharpest 
possibh' image with the point of the needle in the centre of the field of 
\ leu . 'I'liere must be no parallax Ijetwccix the cros.s-wire and the image 
of the pin as seen througli the telescope. The point must then be at the 
piinci|ml focus of tlu* lens. For as tlie tele-scofie is atljusted for parallel 
liglit, till' light falling on the object glass must form a parallel beam in 
order to give a clear image. Hence the light must diverge from F. tho 
[irmeipal focus of tho lens. Measure the (listance AF, the focal length 
of tlie convex lens. 

Knit. 12.‘1. Determination of the Focal Length of a Concave Lens.— 
The focal lengtli of the concave lens must be less than that of the convex 
lens just found for the following rnethofl to be applicable. P'irst find 




the principal focus F of the convex Icn.s A as in tlie previous experiment. 
'I’licn |)laee tlie eoncavo lens C between A and F, and rnoi’e it about 
until objects at a great distance are focuseil clearly. When thi.s is the 
easi' F must al.so be the principal focus of the concave lens. The path 
of the rays is shown in Fig. 14(i. Parallel light from a distant object 
falling on tho eoiicave len.s is rendereil divergent and appears to come 
from the principal focus of the lens. This divergent light is rendered 
parallel by tho convex lens. H»*ne«* the principal focus of tho convex 
lens must coincide with the prineijial focus of the concave lens. ISIcasure 
till* distance <’F. which is tho focal length of the concave lens. 

In fiiuling the position of the jioint F in tliis cn.se wo mnv dispense with 
the needle point and move the concave lens till a point on its surface is 
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focused shar})ly. This point will be at F. autl the focal Icii<ith is tlio distanco 
C’F between the two positions of the lens. 

A pair of lenses suitable for this experiment may be scleetecl without 
difliculty : they will form a diverging combination when placed in contact. 


§ 3. Determination of Refractive Indices 

Expt. 124. Determination of the Refractive Index of a Liquid, using a 
Concave Mirror.—Place the mirror with its face horizontal at a con¬ 
venient level, so that the observer 
can look down into it from above. 

Adjust a pin so that the image of its 
point coincides in position with tho 
I)oint itself as tested ljy tlie method 
of parallax. The process of atljust- 
meat has been rloscribed nirently on 
p. 20S, where it was shown that tho 
point must be at tlie centre of cur¬ 
vature of the mirroi-. Measure tho 
distance from the pole of the mirror 
to the centre of curvature. 

Place A small quantity of the 
liquid, the refractive index of which 
is sought, on the face of the mirror 
so os to form a shallow pool from 5 
to 10 cm. in diameter. Again ad¬ 
just the pin so that its point coin¬ 
cides in position with the real 
image formed by reflection in tho 
mirror, and mca.snre tho distance 
from the pole of tlie mirror to the 
point. Then the refractive index 
of the liquid is found by dividing 
the fii-st distance (the radius of curv¬ 
ature of the mirror) by the second. 

The truth of this statement can be verified by drawing a figure showing 
the path of a ray from the point to the mirror in tlie second case (Fig. 147). 

Let C be the position of the pin in tho first experiment, P that in the 
second. Then C is the centre of curvature of the mirror. The ray PO, start¬ 
ing from the point P, is refracte<I on striking the surface of the water at O. 
The refracted ray after striking the surface of the mirror at R must retrace 
its original path in order tliat it may return to tho point P. The condition 
for this is that the ray OR in the water should strike the mirror at right 
angles. Hence OR being a normal to the mirror must pass through the 
centre of curvature C. 

Tho angle of incidence i is the angle PON, which is equal to the angle 
OPA. The angle of refraction r is the angle RON', which is equal to the 
angle OCA. 

_sin t_sin OPA 
^~sin r sin OCA 
_ OB/OP ^OC 
“OB/OC OP‘ 

When the angle of incidence is very small, thi.s becomes approximately 
AC/AP, which proves the statement made above. 
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REFRACTIVE INDEX OF THE MATERIAL OF A LENS 

The focal leiiKth (/) of a lens depends upon tlic refractive index (fi) 
of the inatcTial, aiul upon the radii of curvature r and of the two 
surfaces, tlie formula connecting these quantities being 



If by experiment the values of /, r, and s are determined the value 
of fi can be deduced. The quantity ^-1 which appears on the right 
hand side of the formula is called the refractivity of the material. It 
is assumed that the refractive index of air is equal to 1. 

Exit. 125. Determination of the Refractive Index of the Material of 
a Lens.—The focal length of the Ions may bo found by any of the methods 
already described, but for the pre.sent d'etennination, if a convex lens be 
usc<l. it may bo founrl by the pin method No. Ill on p. 214. 

The values of r and .s might be found by an optical method regarding 
till* surfaces of the lens na portion.s of spherical inirnjrs (see pp. 208 and 
217). It is. iiowover, sometimes convenient to ileterniine those quantities 
by means of tlie spherometer as described on p. 37. It is important 

that attention should be pairl to the con- 
\cntions as to signs when substituting the 
numerical values for /, r, and .<? in tho 
above formula (.sec note on j». 210). 

The refractive index of a liqunl, when only 
a small quantity is availabh*. may be found 
by xising the H(juid to form a len.s the focal 
length of whicJi is then meiusurcil. 

Expt. 126. Determination of the Re¬ 
fractive Index of a Liquid, using a Lens 
and a Plane Mirror.—Select a convex lens 
having a focal length between 10 and 15 
cm. Lay the lens on a plane horizontal 
mirror, anrl finrl the position of a pin 
point on the axis such that the point and 
its real jinneo coincide. The distance from 
Mo. l.i.l.-x of a centre of the len.s to tho pin is then 

i.ifjiii'i. usiiiK II lA-tis ami a Plane equal to the focnl length of the lens 
•Mirror (Mctliorl II. p. 213). Now place a little of 

the liquid between the lower surface of the 
len# and the plane mirror. This will form a plano-concave lens of 
tlie liquid, the ratlius of curvature (r) of the upper surface of the liquid 
being tho same a.s that of tho lower surface of the glas.s lens. 

If the focal length of this liquid lens be A, 

1 / 

’<■’ 

where is the refractive index of tho liquid. 

Now determine by the pin method the focal length of the compounrl 
lens of glass and liquid. Let this be /*. 



1__ 1 I 

/. 


Ill 

A "A /' 


Then 


or 
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By means of this forimila,/a may be calevilated, and the value tlius 
foiinti may bo used in the previous formula in order to detonnino 
Tlie \aluc of r ma> be found by using tlio spJierometer. 

The foregoing method may bo useil to covipare the refractive indices 
of two liquids, u'llhont nquirimj a knowledge of thr radius of curvalure r. 
If a second litjuid, of lefractive index ti.. be substituted for the fii-st, tlie 
corresponding equations will be 

* / I 1 J i 


Hence 


- 1 1/A 


i/A - 1/7 


Consequently if/. A. A be measured by the method described, we can 
com|)are the refraclivities of the two liquids. If the refractive index of 
one liquid be known, then that of the second can be calculated. 


Exit. 127. Comparison of the Refractive Indices of Two Liquids, 
using a Lens and a Plane Mirror.—It is convenient to use water = 1 333) 
as one of the liquids, (ilvcerin or anilin may be used as the other liquid. 
Measure the focal lengths/,/*./. !>>' tl‘e method of Expt. 120, calculate 
1 /u. 1/A. and the refractive index of the liquid employed. 
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§ 1. Construction of the Optical Bench 

The optical bench 149) is used for earryinp out aecurate measure¬ 

ments in connection witli niirrors and lenses or other optical apparatus. 
It consists of a long beam with guides like a lathe-hcd, on wliich can 
slide a number of carriages to support the optical fittings. In this way 
the <listance apart of the fittings can be varied without any transverse 



Fio. 140.—UpJical lU'iivli 


motion taking place. In some cases provision is made for a transverse 
motion al-so. In order to measure the distance between two particular 
fittings (say between the pole of a mirror and the screen used to receive 
the image) the bench is generally fitted with a graduated scale. The 
determination of the distance must be made by using a measuring rod 
or distance-piece of known length mounted on a carriage on the optical 
bench. Tlie measuring rod is adjusted till one end of it (A) touches 
the mirror, and the position of its carriage on the bench is read. Then 
the carriage is moved till the other end (B) touches the screen, and 
the ijosition of the carriage is again read. The difference between the 
two readings gives the distance through wliich the carriage has been 
moved. The distance to he found is equal to this distance plus the 
length of the measuring rod. 

In some cases it is more convenient to make one end (A) of the rod 
touch the two fittings in succession. Then the distance between the 
fittings is simply the distance through which the carriage has been 
moved. 
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Li exporiniOlUs with iniiior.s and lenses on the optical bench, a 
real iina|;e of some ohj<'et is formed usually on a white screen. The 
object may consist of a jueee of wire gauze or two wires stretclied at 
right angles across an aperture. The object sliovd<l be illuminated by 
a source of light j>laccd behijid it. The flame of an oil or gas larnp 
may be used for this purj)ose ; it is better to ein])Ioy a small eleetiic 
lamp (.say 0 volts) mounted behind a short-focus lens at a ilistanee 
equal to the focal length of the lens so as to throw a nearly parallel 
beam of light along the optical bench. 

An alternative plan is to illuminate a ground-glass screen by the 
electric lamp, using a pin point mounted in an adjustable stand as 
the object. The pin should stand out clearly agaimst the brightly 
illuminated background. A second pin is used in place of the screen 
on the optical bench, and is adjusted as in Fig. 143, E.xpt. 115, so as 
to coincide with the real image. Thi.s method will give accurate 
re.sults, and may be used to supplement observations made with a 
screen. See p. 550. 

It is important in all e.xperiments with the optical bench that all 
the lenses and mirrors used should He on the same axis, which must be 
parallel to the bench itself. 


§ 2. Experiments with the Optical Bench 

E.npt. 128. Optical Bench : Determination of the Focal Length and 
Radius of Curvature of a Concave Mirror.—Set up the mirror in its hoUler 
on the optical bench so that it faces n wire gauze which i.s illuminated 
by a lamp. Use a screen with a small hole at its centre placed between 
the gauze and the mirror. Adjust the gauze and screen .so that the light 
pa,s.sing through the gauze goes through the hole in the screen and falls 
on the mirror. For this adjustment it Is nece.ssary that the source of 
light, the centre of the gouzo, the centre of the hole, and the pole of the 
mirror sliould be in a straight line. 

By altering the position of the mirror it can be matle to throw a 
distinct imago on tlie screen close to the hole. 

When the image is focused sharply on the screen, measure by means 
of the measuring rod the distance from the mirror to the object, u, 
and the di.stance from the mirror to the image, v. Write down the vahies 
of u and v with the proper signs affixed, and calculate the values of r 
and / by means of the formula 

I^2^1 

V u r f 

Repeat the determination, using at least three different positions 

for the screen. ... , .l 

Lastly, adjust the mirror .so that it throws on the screen a distinct 

image of'u wire stretched across the hole in the screen. The mirror must 
be i^tated slightly about a vertical axis, so that thi.s image may be as 
close to the hole as possible. In this case u=v, and therefore r-u or 
f=rl2. Tabulate the results obtained from u, v, r, and/. 
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P1<K on sc|uarfMl papor tlir curve shouiiip the relation hetwecMi u as 

Draw a <lia;_naiii the |>ath-s ol ra_\s ol light 1>\ \\Iiicli n loal 

niiaga is tonni'il l>\' a concave mirror. 

Km‘T ! ’*► Optical Bench : Determination of the Focal Length of a 
Convex Lens'—Set up the Ions in its holder on tlie optica! hencli between 

th. ' ilhinunatcd ol>ject and an adjnstaide screen. Adjust tlie heigdit of 
the Icns.M) that its axis pas.-.es t hrougli the centre of tlie object. A blurred 
mau'e of the gan/.e will probaljlv be .seen on the .screen. The position ol 

ti. elens aiul the scr.-eii must now be altered until a sharp well-dehned 
linage is formetl oil the sen’eii. 

In earryirig out the mljiistinent two points sliould be borne in mind :— 

1. In or-h r that the image formed by the Irni.s should be real and not 
viMual. tb<- distance from the lens to the object iiiu.st be greater than the 
focal lengtli : the Icn.s must therefore be put some distance from the 
illuminated gauze. 

2. In ui<h-r that the real image should he formed on the screen, the 
disiance lietween the ohj<*<-t and th(^ screen must he at least equal to four 
tunes the fi*ca! length. 'I'lie seri'en sliould he put far enougli away and 
graduall>- brought nearer until the image is foeuse<.l sharply. 


Mktuoi) 1. — Let 

u = distanc<* from the leivs to the ohji'ct, 
r distance from the lens to the image, 
/ focal length of the lens. 


TlHMUp. 212) ‘-^ = f 

Hence if it and v are measured, 


or V-U = F. 

F anti / may be calculated. 


Measure the distances n and v by using the mea.suring rod fixed on 
a sliding carriage, and calculate the v’aluc of F and that of /, being 
taireful to attach the proper signs to the numerical cjuantities. 

Kepeat the observations, using at least three tlifforent positions, and 
tabulate (lie i‘<'s»ilts obtained. 

It is instructive to draw a graph .showing the relation between the 
values of ii and v. 


» 

u 

i *■ 

IT 

V 

1 

F 

/ 

1 




• 



The mean value of / should be calculated, and the focal power ex- 
pre.sscd in dioptre.s. 

Draw a diagram showing the paths of rays by which the real image 
is formed by a convex lens. 

A Graphic Construction.—An interesting grapliic construction for de¬ 
termining the value of the focal length is a.s.sociated with the name of Sir 
Howard Grubb. Two axes at right angles to one another are taken, and 
the vnhies of u are marked off along one axi.s, tlie corresponding values of 
r being marked off along the other axis. In the present case, since the 
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values of j> are nepati\o the corre.spotuling axis is <h‘a\vn downwanls. 
Corresponclinp points on the axes <\ie tijen joineil by strai^iht lines, and if 
llio construction is carried out accurately all such lines should intersect in 
a single point. The distance of this point from each of the axes is ecjiml to 
/, so that OM anil MF in Fig. lot) are each eijual to the focal length /. 



Method II. —^Vhen a convex lens is useil to form a real image of an 
object on a screen, there are in general (wo positions of the lens corrcsjiond- 
ing with a given distance between the object and the screen. In one of 
tliese positions the lens gives a magnified, in the other a diminished imago. 
The distance from the lens to the object in the firet case is eijual to tho 
distance from the lens to tho screen in the second case. 

Let d be the distance between the object anil the screen, and a the 
distance between the two positions of the lens. Then 


d - a d + a 



and on substituting in the formula 

11^1 
u / 

... . 

wc obtain / — - 

Set up tho lens between the object and the screen so that a real 
image is formed on the screen. , Keeping the object and the screen 
fixed, move the lens so as to find the second position in which it can 
form* a real image. Measure the distance through which the lens has 
been moved, and also the distance between tho object aiul the screen, 
and calculate the focal length. 

As a particular case of the above, find by trial tho position for which 
a = 0. In this case d has its minimum value and 

d 

^ • 

4 

flihrary Sri 
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IvxiT 130. Optical Bench : Determination of the Focal Length of a 
Concave Lens.—Sincp it i.s >ni|»os.sibh- to obtain a real nna^e u.Hing a 
siM'-h- eoiH-avo len.s, it is necessary to coinI)me a convex lens of .suitable 
focal Icneth with the gi\eii concave lens in'onler to carry out the fore- 
coinu nie tlioels. The eoinbinution consisting e.f the convex and concave 
Icn-cs shoiiUl act like ei convex lens, nnel the focal le*ngth of the combina¬ 
tion (/) ..lav be foutul lus in Expt. 120. The focal lengtli (/,) of the .single 
convi x lens einploved iiuiv be found by the same method. Then the 
foial l.ngth of the'concave lens (/.) may be calculated by means of the 

formula 

I I I 

/"//// 

f'are must bo taken to give the proper signs to each quantity in 
the foiiiudn. 

IIJI. Measuremeiit of tho R&dii of Curvaturo of the Surfaces 
of a Double Convex Lens.—First fiml the focal length of the lens by one 



TiQ. lul .—lleflcctlon from tho Socomi Face of a 

of inc* Ihods already described. Next find the di.stance from the lens 
at whicli an object must be placed so that it may coincide m position 
with the image formed by reflection from the second face of the lens. 

'riic way in which this image is formed is shown in Fig. 151. A ray 
starting from F and refracted by the first surface of the lens will retrace 
its original path after reflection from the second surface provided it meet 
that surface at right angle.s. Con.sequently the refractetl ray QR must 
pass through C, the centre of curvature of the second surface. Some of 
the light is transmitted through this surface as shown by the dotted lines 
on the right. Thus C is the virtual image of P formed by rays passing 
Ihrouf/h the lens. If OP = e/ and OC = s, then in the equation 


* - ^ u -d, v~s. 

V u f 


Hence 


so that 


111 

s d~/ ' 

s= • 


In this formula / is to be considered as having its algebraic value. 

The experimental determination of d may be carried out by using 
the method of parallax with a pin as the object, but as the image formed 
by reflection is faint it is easier to carry out the measurement on the 
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optical bench, using a screen with a circular apertjire crossed by wires 
at right angles to receive the imago of the illuminated ap»-rtur»'. Since 
object aiKl image are then at the same distance from the lens, tlie distance 
from the lens to the screen is ec|ual to <J. 

In a dark room the experiment can be done with a pin tilted with 
a small well-illuminated flag, or in the laboratory the lens may be floated 
on mercjiry to intensify tlie reflection. 

The radius of curvature r, of the other face of the lens, may be found 
by the same method after revei-sing the lens in its holder. 

Knowing the values of /, r, and s, the refractive index of the leri-s can 
be fouiKl from the formula 



The quantities /, r, an<l s must all bo prcfixcfl with tlieir proper signs. 
To do this for the two radii, the lens may be imagined to be set up for use ; 
one side is consiflered as the incident side, and all distances measured on 
this side are positi\'e. Thus, if either surface of the lens is convex in this 
direction, its radius of curvature is negative since its radius would be 
measured in the opposite direction, and so on. 
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OPTICAL INSTRUMENTS 


§ 1. Macnifyino 


Power of a Simple 


Lens 


The a])parcnt size of an 
subtends at the observer 


object depcmis on the angle which tlje object 
”s eye, that is, it depends on the linear dimen- 



Fl«. lii.—Macnifyina Power of Lens 

sions of the object and on its distance from the eye. By bringing the 

object nearer to the eye its apparent size is increased, but when it is 

brought too close it cannot be seen distinctly. The least distance 

of distinct vision for a normal eye is taken usually as 25 cm. 

When a single lens is used as a simple microscope, it is placed 

close to tlic eye, and the distance of the object is adjusted so that 

a virtual image is formed about 25 cm. away. Thus, if AB is an object 

at a distance from the convex lens less than its focal length, a virtual 

image is formed at ab which should be 25 cm. from the eye (Fig. 152). 

The magnifying power of a lens or microscope ^ is defined as the 

ratio of the angle subtended at the eye by the virtual image to the 

angle which would be subtended at the eye by the object when pUiccd 

2-') cm. auay. That is # 

Angle subtended at the eye by ab at 25 cm. 
Magnifying power, M = 25 cm. 

' In spcftkinp of a U-U-w-ope the exprcjwion ‘ magnifying power’ is used in a diflerent seuse 
(}>. J35). 
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When the angles are small and the eye is almost touching the lens, 

a6/‘>5 ah 

Magnifying power, M = = Yh' 

Consecjuently the magnifying power is equal to the linear magnification. 

Relation of Magnifying Power to Focal Length of Lens.— Let the 
focal length of the lens be/ cm. Let the distance of AB from the lens 
be u cm. ^ ^ ^ 

25 -u^f' 

1 ^ 11 . 

• • 25 / 

But the magnifying power M = = -- = 1 

Hence, if / be known, the magnifying power can be ealctilated. 
Here / has its algebraic value ; for a convex lens it is negative. 

Expt. 132. Determination of Magnifying Power of a Simple Lens. 

Method I. — Measure the focal length of the lens by placing it 
between two pins, and adjusting the distances of the pins so (hat tlio 
image of one coincides with the other. Measure the tlistances (u and v) 
of the pins from tlie lens, and substitute in the formula 

1 _ 1 _ 1 
t’ M /' 

Remember that dLstance.s are positive only when measured ojiposito 
to the direction in which the light is travelling. Knowing tlie focal length, 
tlio magnifying power is given by 


25 

7 


25 


M = I-y. 

Method II.—Place a millimctro .scale on the table, and support 
another scale about 20 cm. above it, and parallel to it. View the up|)er 
scale with the lens, ami arrange so that the lower scale con be seen 
directly at the same time witli the other eye. Adjust the lens and scales 
so that both scales can be seen distinctly, the upper through tho lens 
and the lower directly. Then count the number of millimetres on tho 
lower scale which appear equal to two or to three millimetres 011 the 
upper scale. Let N, mm. on the upper scale equal N, on the lower scale. 

N, 

Then I'l = • 


§ 2. The Microscope 

CONSTETTCTION AND MAGNIFYING POWER OF A 

MICROSCOPE 

The essential parts of a compound microscope are two convex lenses 
of short focal length : 

(1) The object-glass or objective. (2) The eye-piece or eye-lens. 
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Tlu- .li.t.uicc h. twc.Mi the an-1 tlie nljjective is a little LMoator 

tluir. tli.‘ local IciiuMl. of tli<* obj<-rliv<>. (•onsc‘.|.iei,tly a n-al '‘‘y’* 
,nao„i(ic.l ,mao- .. ,..o,loro.l on fl.c otl.er sule ot l»^ lon-^. 

\|? IS the ohj.Mt. A ir is the real maumfiefl mverte.l linage fortiv.I b\ the 
.■,».j.rl.o|ass at O. This n-al linage is then viewe.l thiongi. the eye-lens, 
whi. h a. fs in i vactlv IIm- same way as a ina»rinfyintr jrlass. 

riie .h-tance lutweeti the real iinai:e an<l the eye-lens is le.-> than the 
focal length of tin- lens : cons.-.j.iently a mapnifie.l virtual iinape .s pro. 
.Iiice.l. riio l.-ns IS a.ljnste.1 s«. that this virtual nnape is formed at the 




least ilistain-e of distinct vision, usually taken ns 2r> cm. from the eye. 
A lt' is tin* real imape formed by tlie objective, A'li" is the virtual irnnpo 

‘f..in..-d by t lie eye-piece E. .• c.i 

'Die nmpnifyinp power of the instrument is defined n.s the ratio or tho 

anple subtended at the eyo by tho image A"ir to the anple subtended at 
the e\(“ 1)\ tlie ohjeet wlien placcni at the least ilistance of distinct vision. 
Hence the mapnifyinp power 

Anple subtended at E by .Vli” _ 

“Anple snlitended at E by object at 25 cm.' 

^ sul.ten<lo<l al K („,|,ere ,,b = A13), 

Angle subtended at E by ab 


A'B 

ab 


, n[>pi'oxiinntely. 


Emt. 133. Construction of a Microscope.— 1. It may be convenient 
to set up the microscope on an optica! bench with it.s axis horizontal. 
Hero the axis is taken to be vertical. As the object use a small piece of 
sipiaretl paper, or a short clcarl>- marked millimetre scale, placed oil the 
horizontal base tif a retort stand. 

2. Find approximately the, focal length of the short-focus lens* to 
lie used ns objective, ami support the lens above the squaretl paper at 
a distance n little greater than this. 

3. Above t he lens place a small horizontal plat form with a circular hole 
in it. and arrange matters so that the axis of the lens pas-ses thi'ough the 
cent l e of t he hole. A seeoml piece of stjuared paper is fixed on the platform. 

' If llir oxiHrimpiit on tho ilotorminatiori of tho m-ienifyin^ power of a simple lens ha.9 not 
been Jonc, it Ih' wfirketl through further with Ihc^ com|M>xii)d microscope, 

* Tho focal length should be less than 5 cm., preferably about 2 or 3 cm. 
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4. Above llio platform arrange on tho retort stand a metal ring 

carrving cross-wires. On looking down from abo\ c, tlio real magnified 
image will he seen, -\djnst tlie beiglit of the oro.ss-wires so that 

lliere is no parallax between them and the lines of the image. \\’hen 
tliis is the case the cross-wires must be in the same liorizontal plane as 
the image formed by the <ibjeet-glass. 

5. Place the eye-piece ‘ in position so ns to magnify tho image formed 
by the object-gla.ss 

C. The image which the eye-piece forms of tlie object-glas-s is called 
the eye»ring or Ramsden circle. Through it jjasses all tlio light which 
traverses the instrument. When the eye is at the eye-point (the centre of 
this circle), the fiehl of the eye-lens should appear filleil with tho magnified 
image of tlie scjuared paper. I^Iark the position hy a metal ring. 

7. Adjust tho platform till it is 25 cm. from the eje-iing. 

Kxi'T. 134. Magnifying Power of a Microscope. 

Method I.—Observe tho .squared paper on the platform directly 
with one eye while looking through the micro.scope at the magnified 
image of the first paper with the other eye. ^^'ith practice it is possible 
(assuming the vdsion of both eyes to he normal) to see the two image.s 
at the same time with tho magnified sejuare.s o\eilapping tho.se .seen 
directly. If any clifliculty is found in seeing the two image.s together, 
trv opening and shutting tho eyes alternately for a time so n-s to see 
separate image.s, and then open botli eyes at once to get the superposcil 
images. Ob.servc the number n of divisions .seen directly which corre- 
si>ond witli a number m .seen through the microscope. Then the magni¬ 
fication is nltHy for ill this case tab = nim. 

In this (leterinination the eye should be placed at the eye-ring. 

Method II.—Determine separately tho magnification M^, produced 
bv the objective, and M,. that produced by tho eye-lens ; tlien the magni¬ 
fying power of tho microscope is M = M* x M,. 

Detenninatiou of M,,.—Place a small piece of .squared paper on tho 
ring supporting the cross-wires and arrange it .so that the divisions are 
along.side the divisions of the real image A'B'. Find the number n' of 
divisions on this small piece of paper which correspond with a number 
m' of the image A''B'. 

Then ’ 

Dclcnninalton of j\I,.—T o find the magnifying power of the eye¬ 
piece, place a .small piece of squared paper on the ring supporting the 
cro.s-s-wires and arrange it so that it covei's over tlie real image A'B'. 
TIkmi place the eye at the eye-ring and compare the divisions on this 
pieces of paper with the divisions on the squared paper on the platform 
scon wit h tho other eye. The process is exactly that employed in finding 
the magnifying jiower of a simple lens. Note the value of M, thus found 
anti calculate 

M = Mo X M,. 

Method III.—Determine Mo and M, separately by calculation, and 
calculate M =Mo ^ 

To calculate Mo :— 

Size of image A'B' 

" Size of object AB ’ 

Distance of image A'B' from O 
“ Distance of object from O 

' TJic focal length of the lens for iho cyc-piecc should be Ic-sa than 7 cm., preferably about 
4 or 5 cm. 
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\hr<o .livtauro-; and calcilatc M„. Xotc that tlio flistanco of 
il„- (.|)|<< l Alt ftoin (> is vt i \ ni->irly r<jnal to th«' focal lontitli ot the 
ulass. wl.ilv tl.c .h>lnn(c of tlic tnia^c- A'li' from (> is about the leuRth of 

I \\V TUMM O^CO[)e tul)0. 

'r<» rwilciilat^' :— * xi -e • 

A^^wuxuiiS iUf <‘vcaii)u to )>r very near tlie cye-len.s the magnifying 
powt r <i\ tlio ev<-lens is given hy tin* fonnula 

where J staiuls for tlic alj:cl»iaic value of tlie focal length of tlie eye-lens. 
I'liid /, and calculate -M,. and hence detcrinine 

M M,. - M,. 

If the distance l)et\ve«>n tlie ey«--ring an<l th<' eve-lens is not small, 
let It Ix' dcnot.-<l hv r. 'I’he virtual image is formed at 2r> cm. from the 
eyo-rmg, not from the eye-lens. The magnifying power is now 


= 1 - 


25 - c 

7 


Since c is nearly e(iMal t'> / this gives ns an approximate formula 



§ 3. The Telescope 

CONSTRUCTION AND MAGNIFYING POWER OF A TELESCOPE 

The essential parts of a refraeting astronomical telescope arc two 
convex lenses : 

(1) The object-glass or objective of long focal length. 

(2) The eye-piece or eye-lens of short focal length. 

The lens of long focal length forms a real inverted image of a distant 
object. If the object be very distant, as may be assumed for the astro¬ 
nomical telescope, this image is formed in the focal plane of the lens. 

In Fig. 154. rays coming from a point of the distant object in a 
direction parallel to the axis are brouglit to a focus at F, the principal 
focus of the object-glass O. A pencil of parallel rays coming from 
some other point of the distant object in a direction parallel to AO is 
brought to a focus at A', a point in the focal plane of the object-glass. 

The real inverted image thus formed is then magnified by the 
eye-lens, which forms a virtual image on the same side of the eye-lens 
as this real image. 

When the telescope is in normal adjustment, the eye-lens is placed 
at a distance crjual to its focal length beyond the real image formed by 
the object-glass, (’onsequcntlv, in this case the rays emerging from 
the eye-piece are parallel, the final virtual image being formed at an 
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infinite distance from the eye. The direction of the parallel rays is 
found by joining A' to E, the centre of the eye-lens. 

If the eye, accommodated for distant vision, be j)laccd behind the 
cye-lens, the parallel rays will be brought to a focus on the retina and a 
magnified image will be seen. 

The magnifying power of an optical instrument is defined as the 
ratio of the angle subtended at the eye by the image to the angle sub¬ 
tended by the object. 

In order to make this definition complete, it i.s necessary to specify 
the exact position of the image and also that of the object. In dealing 



FIG. 154.—Tckdcope in Normal Adjustment 


with the magnifying glass or the microscope, it is usual to assume 
that, in making the comparison, both the image and the object are 
placed at the least distance of distinct vision, that is about 25 cm. 

from the eye. 

In the case of the astronomical telescope such an assumption would 
obviously be absurd, and instead we assume both image and object 

are at an infinite distance from the eye. 

Thus for a telescope in normal adjustment the magnifying power 

Angle subtended by image 
” Angle subtended by object 

A'EB A'EF 
= A0B“A'0F’ 

A'F/EF regarding the circular measure 
“A'ITOF’ as equal to the tangent of the 

small angle ; 

Focal length of obj ect-glass 
"" Focal length of eye-lens 

The simple telescope is often used to view terrestrial objects the 
distance of which may be considerable but still far from infinite. In 
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siicli a case the toloscopo is not in normal adjustment, and tiic final 
iniaeo may ho fortnod at any distance convenient to the observer. 
'I'lnis, the observer may adjust the t've-lens so that the final image is 
at the same distance from the eye as the object, or he may prefer to 
have the final image at the least distance of distinct vision. 



’rii (3 magnil\ iiig j)o\ver can tlien be calculatecl ns follows :— 

Angle snbtentlefl b\- image 

_ A^EB^ A EB' 

~ AOB "A OB' ’ 

- , npproximatclv. 

EB' 


Thus the magnifying power 

Distance of real image from object -glnss 
Distariee of real imnge from eye-lens 

'I'his expn'ssion holils good whether the telescope is or is not in normal 
ntljustiiuait, and whatt*ver be the distance of the final virtun! image from 
the (>ye. 


E-xct. i:ir>. Construction of a Simple Telescope.—Set up a graduated 
scab' at a considerable distance to serve as the object. In rlefault of n 
scale, a luick wall fortns a convenient object on wliich to make ob.serva- 
tions. Choose two convex lenses, one having a.s long, the other as short, 
a focal length a.s po.ssible. 8et up the long focus len.s to serve as the 
ol)j<-ct-gla.ss so a.s to produce a real image of the distant scale. This real 
imago can be seen by ait eye placed at a sunicient distance behind it. 
S<’t uj) a pin so that it coineifles in position with the real image of one 
of the divisions of the scale. 'Phis will bo the case when there is no 
[>aratlax between the pin and the image. 

Then arrange the .short focus lens n.s an eye-piece to magnify tJie real 
image, so that the divisions of the scale are clearly visible. 


Exit. 136. Magnifying Power of a Telescope.—With one eye look 
through the telescope, with the other look at the scale directly. The 
two eyes arc thus being useil independently at the same time, and this 
fact ma>- cause difficulty on a first trial. The difficulty is reduced by 
arranging the e\e-lens so tliat the occommodaliott is the same for both 
eyes, and llu'n the final virtual image is formed at the same rlistance 
from the observer as the scale itself. Focus the" telescope by moving 
the o>-o-lens. with the irlea clearly in mind that the imago is situated at 
the actual distance of the scale. If the adjustment is correct, and both 
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ovos arc made use of, a sli^lil rnc)\‘«‘m(‘nt of tlic licad slionlti not (•a\iso 
rclatis’c ino\ciiu-iit of llii’ two imat'cs. 

Fix till’ altiaitioii on a ctataiii ilclinito iiuinix’r in of <livisioiis seen 
tiirtui^li the telescope, an<l notice tlie n»itnl>er n s«‘en directhj, wlheli t:oi're- 
sj>oti<l witlj tlies(‘. TJien the nui”nifyiii>i power^x /a. 

N’crif.v tiiis by ineasurint; the distance' from the^ ob]e*et-jzlass to tlio 
pin, and th\-idin^ it \>y the* elistance from the eyedens to the pin. 

Also determine the foc-al len^rth.s of the* two lense-s and eidceilate* the 
ratio of tlie focal length of the obje'Ct -glass to that of the* e>e-lens. 'I his 
give's the value e)f the magnifying powe-r for the telesco{)e in noiinal 
aeljustment. 


§ 4. The Optical Lantern 

Tlie optical lantern is used for projecting a magnified image of an 
object — usually a pliotographic transparency — on a distant scicen. It 
comprises two lenses, or lens systems, the projection lens (or objective), 



and the condenser. The former is a corrccteti achromatic system 
which gives a real, magnified image ab of an object AB placed at a point 
somewhat beyond the first principal focus. The condenser usually 
consists of two plano-conve.x lenses mounted near togetlier and form¬ 
ing a converging system. Its object is to concentrate the divergent 
light from the source, so that as much light as possible may pass through 
the middle of the projection lens. Tliis causes tlie image to be distorted 

as little as possible and also gives the largest field. 

The linear magnification produced by the projection lens is the 
ratio of the linear dimensions of the image to the corresponding linear 
dimensions of the object. Tliis ratio is considered positive for an erect, 
negative for an inverted, image. The general formula for the linear 

magnification 7U is 


V 

> 


for the length of the image is to that of the object as the distance v 
of the image from the lens is to the distance tt of the object from 

the lens. 
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'Dms the focal Icn^'tli /-^ 

137 Construction of an Optical Lantern.—To illustrnte the 
tiu- optical lantcni select two lenses of larwe aperture, one 
haviiii: a focal U-n^tli of about 2.'> cm., the other about lo cm. A source ot 
h^ilif of small (Imu'iisions is reiiuired. This may be secured liy 
the liana- of a caialle or lamp behind a bole of about 0 ;> cm. diametei in 
u metal screen. As object a metal arrow, or a scale ruled on pla-s-s, may 
be cmnlovc.1. If an attempt is made to obtain a rnapufied image on a 
.listant screen, using the lens of longer focal length as the projection 
Irns, it will be hinml that the image is very faint, and that onl\ thecciitia 
portions appi-ar at all. Now place the lens of shorter focal length behind 
till' ol)ieit. and adju-t the .screen with the hole in it so as to foirn an 
„nag.> of tl.e hoh> at the place oeeni-h-d by the jirojocUon lens. Ihis 
M,rails that the lioU‘ ami the projeetion lens are at conjugate foci with 
n-gard to the condenser or short f<.cus len.s. Kor eNam|)le, the ai>i)aratus 
mav be a.Iiuste-l so that the distance between tl.e hole and the projection 
l.-ns is a minimum (|.. 227) and eipial to four times the focal length of the 
condeiisor. The conjngato foci in this case are said to ho the symmetric 

points of tlu' lens, . , 

If tlie object is just in front of (lie conden.ser. the image on the screen 

sliould now he imiformlv illuminate.l and all parts of the object {ns.sumed 
smaller than the aperture of the comlenser) should he represented on the 
sereen. Hxamine the effect of moving the position of the screen with the 
hole in it. and notice that there is only one position which gives uniform 
illumination. 

Kxit. 13S. Measurement of the Magnification and Determination of 
the Focal Length of the Projection Lens.—Measure the distance between 
two wcll.«lofincd points on the object, ami the corre-sponding distance 
between th<^ image point.s. Calculate the linear magnification, which m 
tliis ca.s(* is considereil negative ns the image is inverted. 

Measure the distance from the lens to the screen and deduce tlie value 

of the focal length /from the formula 

/= 

1 -m 

being careful to give the proper sigiLS to v and to ni. 
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§ 1. Formation of the Spectrum 

When wliite light is passed through a prism, as in the celebrated 
experiment of Sir Isaac Newton, the light is dispersed giving rise to a 
coloured band known us the spectrum. To produce a pure spectrum, 
in which there is no overlapping of the images of different colours, 
it is necessary to use a very narrow slit, and also to pass parallel rays 
through the prism when the latter is in the position of minimum 

deviation. 

Exit. 139. Projection of a Spectrum on a Screen.—A powerful source 
of white iiffht required, such as lime light or the electric arc, but m a 

jH'i fcctly dark room a 
gas or oil lump may 
be used. Tlie light of 
the source should be 
brought to a focus on 
a narrow vortical slit 
in a metal plate by a 
converging or convex 
lens used as a condenser. 

A second convex 
lens is placed on the 
other side of the slit, 

sbam'^image'llrthe slifis formed on a whitescreen. The prism is then placed, 
wirifits refracting edge vertical, in the path of the light issuing from the 
lenl On placing a sheet of white paper in the path of the emergent rays 
a cSoured band will be seen, and the screen will, m pneral, require to bo 
moved from its first position, so that this band of colour may fall upon it. 
Rnta^ the prism aboutavertical axis, and note wliether thocoloured imapi 
Rota^ P awav from the original undeviated image. Turn the 

m-^-Tm until the position of minimum deviation is reached, so that 
tru^S formed as near as possible to the undeviated image. It uill 
1 Ki to focus th6 iniag6 of tho slit OH the screen again, 

haa bee. found This may be 
alter n niece of plane miiTor in the path of tho light 

done ''y y f I g turning the mirror till a white image of the slit i^s 

forXd onTho screen close to the spectrum, and then moving the ens tdl 
thuTrnage is in sha.-p focus. In this way a moderately pure spectrum is 

projected upon the screen. , , . • u 

G- « ravs nassinc through the prism belong to a convergmg beam 
Since the rays p^smg^rn^^ Strictly a pure spectrum. To satisfy the 

conditfon thTt monochromatic rays should be parallel, when passing through 

23d 



Fio. 157.—Projection of Spectrum 
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the oath of tlio hiiht, so timt its <listan<-o from the screen is efjunl o its 
fueu! len^rth. This anangeim iit for projecting a pure speet rum is soinetimcs 
useful at. f«.r eNarn[.le. when it is ilesire.l to pliotograph tlu- spectrum b> 
replacing tlio screen by a pliotograpbie plate. 1 ho same (uinciple i.s 
employed in the construction of the speetiometer. 


§ 2. The Spectrometer 

The spectroscope is an instrument for jirodueing dispersion of rays 
of ligiit so as to form a spectrum, and for observing the spectrum so 

formed. 



Fiu. 150.—Spectrometer 


The spectrometer is a similar instrument provided with suitable 
arrangements for measuring the deviation of the dispersed rays. 
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The essential parts of siicli an instrument are :— 

(1) Tlie collimator, which is an ajiparatus for securing a ptatcil 

of parallel rays. 

(2) The prism (or diffraction grating), for dispersing the rays, 

mounted on a revolving table. 

(3) The telescope, for viewing the spectrum. 

The spectrometer is also provided with graduated circles (with 
verniers) for determining accurately the positions of tlie juisiu and 



the telescope. Figs. 159 and 160 show tlie mo.st important features of 
the instrument. 

The collimator is a tube which carries at one end a narrow adjustable slit 
S, and at the other an achromatic convex lens L. The slit is illuininate<l 
by the source of light the spectrum of which is to bo examined. For many 
purposes a flame impregnated with a salt of sodium, and showing a charac¬ 
teristic yellow coloration, is a convenient source, since the light i.s approxi¬ 
mately monochromatic. The di.stanco between the slit and the lens can 
be adjusted so that tlie slit is at the focus of tho lens and tlie light emerges 
from tho Ions as a parallel beam. 

The prism ABC rests on a circular table D, whicli is capable of rotation 
al>out a vertical axis. The table is provided usually with a clamp so that 
it may be fixed in any desired position, and sometimes with a tangent 
screw to give it a slow motion. 

Parallel liglit emerging from the prism falls on the lens M, and is 
thereby brought to a focus at F, the principal focu.s of the lens, so that a 
real image of the slit is formed in the focal plane. Another lens E (or more 
commonly a compound eye-piece) is used to give a magnified virtual imago 
of this real image. The two lenses M and E, mounted in a tube, together 
constitute a telescope. The telescope can be rotated about the same vertical 
axis as the prism table, and, like the latter, is usually provided with a clamp 
and a tangent screw. 

Great care must be taken in the use of an angular scale and vernier, 
such as that shown in Fig. 5, to make quite sure of the least angle that 
can be determined by means of tho vernier provided. All readings should 
bo checked before the clamp is relea.sed. 

Expt. 140. Adjustments of a Spectrometer.—The exact adjustment 
of a spectrometer is a process which requires considerable care. It may 
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is to focii'S tlu' t<-l.'^c()()e on a very <listnrit object. 

CTOss-wires \'i;;7no!ho;ror no'parnUax should be used 

lhat Ts" the e . fro.n side to sidl ,hc cyr-piece mul 

unv ;;ia.rv^rn,rtn.n of the spUler-Iine a.ul the distant ohie^t 

noted. Tfie adjustmenl is correct when no such motion can be 

The CoUimator.-Set up a sodium fia.no (p. 241) so that the brightest 

part of tlie flame is opposite the sht of ^ 

telescoi.e so that the axes of the tubes are m the same -straight 

On looking througli the telescope the yellow light pa.s.smg through iho 
sht shouM he seen, hut the image of the slit will, us a ru e be badly 
dclined. .Vo»- Jocu.^ the collimator by altering the distance ‘between the 
slit and the lens until the image of the sht is seen with clear and well- 

defined edges. 

\\ hen the adjustment is correct there should be no parallax between the 
cro^s.wire-s and the e<lges of the sht. Since the telescope already ha.s been 
adjusted for parallel light, the collimator iiULst now be giving parallel light 

from the sht. 

Exit 141. Measurement of the Angle of the Prism of the Spectro- 
meter.-Open the slit fairly wide so as to allow P enty of light to pass 
through the collimator. Place the prism on the table of 
with the angle to be measured turned towards the lens of the 
Parallel light from this len.s will now fall on both the faces AB. AC of 
the prism, which contain the angle to be measured. Some of the light 
falling on each face will be reflected a.s shmvn by the contmuou.s lines, 
and it is easy to prove that the angle between the two reflected beams is 
equal to twice tlie angle of the prism. By moving the eye m the hor^ 
zontal plane of the axis of the collimator, and looking at one face AB 
of the prism, the direction of the reflected beam can be found. 1 urn the 
telescope to point in this direction ; then on looking through it the 
image of the slit shoukl be seen. Tl’Acn the slit has been brought into the 
field of view, the width of the slit must be 7nadc very small and the tel^cope 
turned till the intei-scction of the cross-wires coincides wnth the image 
of the narrow slit. 

Read the position of the telescope by the vernier or verniers pro¬ 
vided. To do this it may be necessary to reflect the light of a gas or 
electric lamp upon the verniers by means of a small mirror. ithout 
moving the prism or the table, turn the telescope to view the image 
formed by reflection from the second face AC of the prism, and again 
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i-eiid the pitsition of tin* telescope. Fiml tlie an^ile between llie two 
positions of the telesco[H*, an«l ileiluce the an^le of the prism, A. 

It often happens that Jour slit images can be .seen as the teleseojjo is 
moved roiiiul in a horizontal plane. Two of these are reflection images, 
the two of which the positions are retjuired ; the other two ai'C images 
formeil b\' refraction through the back surface of the prism, and care must 
be taken to use neither of these by mistake. This can be avoided readily if 



FlO. Ifil.—.Meusuremcnt of Anele of Prism 


the images are first obtaineti by the unaided eye, and the telescope brought 
into position without moving the eye, it being easy to see from which 
surface tlie light is coming. 

The bogus images correspond with the refracted rays shown dotted in 
Fig. IGl. This trouble can be avoided entirely if the back surface BC is 
covered with paper, or if a pri.srn with a matte face is u.sed. 

Sometimes the reflected images can bo seen plainly with the unaided 
eye, but cannot be seen in the telescope. This is due to the table of the 
spectrometer not being properly levelled, the light being reflected either 
upwards or downwards so that it strikes the inside of the telescope tube. 
It will be observed in such a case that when the telescope is swung into 
jio.sition after finding the images with the eye unaided, the eye-piece of the 
telescope is not level with the eye. The table must be levelled with the 
screws fitted to it until the eye when viewing the reflected images unaided 
is on the same level as the eye-pieee. Then finally adjust the level till the 
image of the slit occupies the same position in the telescope field when 
viewed by reflection in either face, and also when \newed directly with the 
telescope and collimator in line, and no prism on the table. 

Expt. 142. Measurement of the Angle of Minimum Deviation.—Place 
the prism on the table of the spectrometer so that the angle A already 
measured may serve as the refracting angle. Then the light from the 
collimator should be incident on the face AB and emerge from the face 
AC to enter the telescope. The positions of the different parts of the 
apparatus when light is refracted through the prism are shown in plan 
in Fig. 160. In setting up the prism he careful to place it in suck a position 
that the maximum amount of light available from the collimator may be utilised 
and enter the telescope. This is best achieved if the refracting edge of the 
prism is placed over the centre of the table. 

In order to find the direction in w’hich the telescope must point, turn 
it to one side, and, using one eye only, look into the face AC of the prism, 
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, , I ... i.rvi.'c- of tin- <lit fonncil l>\ rofraclioii tlirouu'li 

. 1 ..- „..k. f...- ti.i- 

ill.- pii>in IS IouikI. M<i\' UK' I , to point 

fiisiiiiHHls 

i'ol.s.My 1 , 0 "o We of .I.e coll.nmtor. Tins is ll.e pos.t.on of mu., 

'n,e’".'lesco„e is .uljuste .1 until the sl.t is npiuoxitnatcly in the centre 
of ,h . lie UU ■ on wlien the prism is in tins pus.tu.n, n.ul the tft -3 

it i.s hiscc-tod ';v ^ position 

W,i;::'W?:*op;’W;;stWW'» hy ...eans a the vemie.. an,l the 

*=''''‘Wnv"'en!l',W' tho prism from the table of the spectrometer, and turn 
theWk-scopc to point .lirectly towar.ls the collimator, so that the nj . 
(levuitcd rav.s inuv enter tlie ol>ject-pluss and form an imago of the s t 
on tlie cross-wires. Clamp the telescoi>e in this position and make t e 
final adinstment with the slow-inovement screw. Again lead tho 

pcfsi.ion of the tele.seope b> means of the verniers 

The difference between the reading m this position and that alieaU> 
obtained m the position of rnimmuin deviation gives the angle of imm- 

iinirn deviation I). 

Tlie refractive index of tlie material of the prism may now be calculated 
l)v means of the fornuda 

. A + D 
sin 2 

^A“' 

sin ^ 

The refractive index of a liciui.l may be determined by the same method, 
using a hollow jirisin with para/UJ worked gla.ss faces to contain the Uquul. 


ADJUSTMENT OF A SPECTEOMETER BY SCHUSTER'S 

METHOD 

An accurate mctliod of adjusting a spectrometer, due to Sir Arthur 
Schuster, has tlie advantage that it is not necessary to focus the tele¬ 
scope on a very distant object and so does not involve removing either 
the telescope or the prism from the instrument. It is pos.sible to focus 
both telescope and collimator in a small room without windows. 
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Exi't. I42A. To Adjust a Spectrometer by Schuster’s Method—The 
stops in tlie f)ic)ce.ss of adjustment are jus follows :— 

1. Hjwing phiccd the prism on the table of the instrument os in 
1’ig. IGU, iltuminato the slit of the collimator witlj light from a sodium 
flame and find the position of minimum <le\iation as in Expt. 141. I’so 
a fairly wide slit and focus the eye-piece on the cro.ss-wires of the tele¬ 
scope. Notice tluit the angle of tlevijition is the acute angle between Iho 
axis of the collimator and the axis of the telescope. 

2. 'iurn the telescope so as to increase the deviation, which means 
making the axis of the telesco[)e more nearly at right angles to the axis 
of the collimator. Clamp the telescope when the image of the slit is nejir 
the edge of the field of view. 

3. Turn the prism iuble in the same, direction as in 2, so as to get the 
image of the slit in the centre of the fiohl of view. This position of the 
pri.sm may be called the ‘ slanting ’ position. 

4. Focu.s the telescope carefully while the prism is in this “ slanting ’ 
position. 

5. Ne.xt, turn the prism table in the opposite direction, until the image 
of tlie slit is again in tlie centre of the field. The new position of the piisin 
may be called the * normal ’ position. 

G. Focus tlie collimator carefully while the prism is in the ‘ nornml ’ 
position. 

7. Repeat these proccs.ses several times, being earefjil to focus tho 
telescope in the slanting position, and the collimator in the normal 
position. The adjustment is complete when the slit is clearly in focus 
in hath positions. In practice it is usually not necessary to repeat pro¬ 
cesses 4 and G more than three times. 


MAPPING SPECTRA 

The position of a line in the spectrtim may lie iletcrrained by 
finding the position of the telescope when the line is on the cross-wires, 
or by finding the reading of the line on a scale which is reflected into 
the field of the telescope from the second face of the prism. In either 
case the prism is supposed to be kept fixed. In some instruments, 
known as Constant Deviation Spectrometers, the telescope is kept fixed, 
and the prism is rotated so as to bring one line after another upon the 
cro.ss-wires. Tlie angle through which the prism is turned then serves 
to fix the position of a particular line. 

If a curve be plotted showing the relation between the wave-length 
of the lines and their position as defined above, the graph is called a 
map of the spectrum, or a calibration curve of the spectrometer. Sucli 
a map may be used to find the wave-length of any line of which the 
position can be determined. 

Wave-lengths are usually expressed in Angstrom Units (a.u.) or 
Tenth Metres (10“'° metre or 10”® cm.). Occasionally, however, they 
are expressed in terms of a unit ten times larger, viz. the micromilli¬ 
metre (Im^ = 10”® mm. = 10”’ cm.). This unit was formerly called 1^/x. 

The wave-lengths of some important lines are recorded in the 
Appendix (p. 563). 
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.43. Mapping Spectra.--.Wj,.t .ho 
^^::;r:::«rr^r'poa!;ror.;^.=ev.nLnaa . 4 . 

;ru::.;!i;u:;;:;;:;.s ^^^a^nuj^np gK^;r.e .o^n ^age in^.ho 

posUion of tl.e talo.scopo .„..at 
liMi^'tli OSU.i A.u.)* . AVHiiiined by a spectroj^copc of 

metallic suUh, the sped 1 a being . mMh into the flame on a 

!ir« «iL .obo 

blr; aS" Solis’:^!." wu": plij^oae are bt..i„.n 
SoZgl. InVo U^vu"^ r. obLrving i„„nMa,.ly afto,- the ^.t .a 

curve has been drawn. 

Spark spectra may be observed by passing the Ji'^charge of 
coil (see fApt. 24i) iri Electricity) between terminals of the ^ 

Larnined. ?’he inner and outer coats of an insulated Leyden jar should 

Kp i^nnnopted to tlic torininuls of the spark-gap. 

Tlie spectm of ganos may be observed by po&srng the 
induction-coil through ‘vacuum tubes’ containing the rarefied gas^s 
Electric lamps are now available for use on the mains, containing the 
^ipour of mercury or of sodium, or the inert gas neon. These are very 

convenient since they give bright spectra. 

Absorption spectra may be observed by illuminatmg T -he 

litrht, and introducing the absorbing substance in the path of 
travelling towards the sUt. Observe in this way the characteristic spectrum 
due to a ililute solution of blood, and the spectrum due Joan alcoholic 
of chlorophvll. The vapour of iodine, obtained by heating a few cpstals 
in a glass tube in front of the slit, gives rise to fine da^ absorption 

Bv reflecting sunlight into the collimator, the dark Fraunhofer lines, due 
to abWption in the atmospheres of the sun and the earth, may observed. 

Plot a curve on squared paper, on a large scale, showing the relation 
between the scale-rcading and the wave-length corresponding with certain 
suitable lines. This curve is an Interpolation Curve for the particular prism 
used. From this curve may be determined the wave-lengths of bright lines 
or the limits of absorption bands. 

J.J 0 TE.—Attention is directed to Schuster’s method of adjusting a 
spectrometer described on p. 244. 

The use of a diffraction grating is described later (pp. 257-259). 
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PHOTOMETRY 
§ 1. Oknkral Principles 

Photometry means literally ‘ measurement of liwlit In early days the 
term Plmtometry was used es])ecially of the measurement of what was 
called the ill umin ating power or light-giving power of a source of light. 
This is now usually called the luminous intensity of the source, and 
the estimation is made by comparison with a standard source of 
reference. The candle-power is taken as the unit of illuminating power; 
and the luininons intensity of any source is expressed in terms of the 
number of standard candles which would give out the same quantity 
of light. 

Attention may he drawn to the fact that this use of the word 
‘power’ is in harmony with the modern use of ‘power’ or ‘activity’ 
to denote rate of production or expendit»ire of energy. This is brought 
out bv tl»D mention of the rate at which the candle or oil is burnt or 
electrical energy is spent. 

The standard candle is defined as a sperm candle \ inch in diameter, 
weighing six to the pound, and burning at the rate of 120 grains an 
hour. It is an unsatisfactory standard, and usually some other standard¬ 
ised source, such as a Pentane lamp, is used. The most convenient 
standard is perhaps an incandescent electric lamp, working at a certain 
constant voltage. The unit of luminous intensity based on such 
standards is called the International Candle. 

Tlie illumination of a surface, as the intensity of illumination of a 
surface is usually called, is measured in terms of a unit called the lux. 
The illumination on a surface is 1 lux when the surface is illuminated 
normally by a point source of unit intensity at a distance of 1 metro. 

In Great Britain the foot-candle is commonly used as the unit of 
intensity of illumination. It is the illumination on a surface illuminated 
normally by one standard candle at the distance of one foot. 

The term luminous flux is used in photometry to denote the emission 
of light per unit time. The unit of light flux is the flux emitted per unit 
solid angle from a source of unit intensity ; this is called 1 lumen. 
The total luminous flux from an ideal point source of one candle-power 
radiating uniformly in all directions is 47r lumens. 
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r„i.. solid angle is the angle subtended at the centre of a sphere 
„f „„it radius by unit area of the spherical surface. The total solid 

ancle for the whole spherical surface is 4 it. , , . . 

The eve is unable to make direct estimate of luminous intens ty 

witi, anv approach to accuracy, on account of the variation of ic 
diameter oMhe iris, and also for other reasons, mainly physiological 
and psychological. To compare luminous intensities, 
form of apparatus is used to assist the eye. Any such apparatus 

pAlled €'1 Photometer. ,, . 

The use of a photometer depends on the adjustment of two surfaces 

to have equal intensity of illumination, this equality being judged by 
he eve of the observer. With liglits of the same rofoiir the adjustment 
carim Ide with practice to about 0 5 per cent j but if the surfaces 
arc illuminated hy lights of dilTerent colours the accuracy is not nearly 
so great. In this case it will be found much easier to make the com¬ 
parison between the two surfaces if the eyes are half-closed. It is 
impossihle to retain any accurate idea of the intensity of illumination 
of a surface even for so short a time as a second, and therefore the two 
surfaces to be compared must be viewed simultaneously or interchanged 
rajiidlv as in the Flicker Photometer.' If the surfaces are separated 
1,V a band wliose intensity of illumination is different from that of the 
surfaces to be compared, the estimation is rendered much less accurate, 
and therefore the surfaces must really be cmiliguom parts of the same 

surface illuminated simultaneous!}'. ^ t i_. 

The illumination of a surface due to a small source of light varies 

inversely as the square of the distance of the surface from the source If, 
therefore, a source of luminosity of candle-power, I, is placed d cm. 
from a surface, the intensity of illumination is measured by I/d*. 

If two sources of candle-powers, I^ and T„ respectively, illuminate 
two parts of a surface equally, when at distances and cm., their 
intensities are related by the equation 

^ _ ^2 . 

so that if lo is known and dj and d, arc measured, Ii can be calculated, 


for 


ll - l2 J 2- 


§ 2. Photometric Measurements 

In Great Britain since 1920 gas lighting by means of a naked flame 
has been superseded through the introduction of incandescent mantles. 
The illuminating power of the gas is no longer of consequence and it 

‘ Tho Flicker Photometer usca in * hctcrochromatic photometry ’ is described in more advanced 
tczt« books. 
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is the fuel value that is important. For some experiments small oil 
lamps may be used, but electric lamps possess the great advantage 
that tl)c candle power may readily be controlled by means of a 
regulating resistance as in Expt. 247. 

Idlest experiments in photometry must be made in a dark room 
with blackened walls and ceiling, but this is less important in using 
Kumford’s photometer. 


RUMFORD’S PHOTOMETER OR THE SHADOW PHOTOMETER 

In this apparatus the surface illuminated may be either a wliito opaque 
sheet of paper viewed from the same side a.s the two sources of light, or it 
may be a translucent screen viewed from the side remote from the sources. 
In either case, one part of the surface is screened from one of the soxirces 
by a rod placet! between the screen and the source, the rod being so situated 
tliat .slmdow.s of the rod, one thrown by each source, lie sitio by side on the 
screen. The shadows must neither overlap nor shoukl they bo separated 
by a bright band illuminated b;s- both sources. In Fig. 102 the shadows 
are separatetl to sirn[)lify the tiiagram. 

4'be shatlow thrown by each soui'ce is of course illuminated by light 
frtirn the other, anti when the shadows are equally intense, the intensitie.s 
of illumination due to the two sources are equal. 

E.\tt. 144. Rumford's Photometer.—Set up in a dark room a vortical 
rod in fiont of the screen of the photometer. Compare the luminosity 



of a gas (or electric) light with that of a wax candle by adjusting the 
distances of the sources from the screen, until the shadows are of the 
same intensity. Care must be taken that the lines joining the sources 
to the rod are equally inclined to the screen, so that the angles 6 and 4’ 
in Fig. U»2 must be approxitnatel\' equal. Measure the distances, rf,, dj, 
from the source.s /o the screen, and calculate the cantlle-power of the 
source iintlcr test. Repeat the determination several times with the 
sources at different distances from the screen, and take the mean of the 
results obtained. 
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BUNSEN'S GREASE-SPOT PHOTOMETER 


rciK 


III thin form of 
lorod tiniislucorit 


nhotomoter. nn opaque white screen (of paper) is 
L...... .. ....rtimi of its surface by means ot a spot of 



I I . . ...u’... > It is illuininateil from one si<le by the standard 

Lurce'and fioin the other by the source of wliich the luminous intensity 

''' ’The (M^uque*portions of tlu- screen are as-sumed to rcJU-rt Um wliole of 

the ineidJnt liuht. wliile tlie translucent portions reflect a definite 
nv , of tlie liitht falling on them, transmitting the remainder. If the 
er si V of 1 lu nh from <me side is I, -/.* an<l from the other side is 

lU/irtlurgre‘;jie-s,Hit will a,,pear to be of the same brightness as the rest 

of tlie screen, when 

^ i (l - , thatiswhen 

According to this simplified description the grease-spot 
u hen V ewed from either side. There is. however, a certain fraction of 

the light absorbed in passing through the trans¬ 
lucent grease-spot, and although it may be po^ible 
to make the spot almost invisible when viewed 
from one side, the appearance on the other side is 
alwavs quite different. In practice, the adju.st- 
merit should be made until the grease-spot appears 
the same amount darker than the rest of the screen 

on both sides. , 

Two plane mirrors are usually attached to the 
screen so ns to make an angle of about (50® witli 
it on either side. By means of these mirrors both 
surfaces of the screen may be viewed at the same 

time. , 

An alternative method is to adjust the un- 
knoivn ’ source until the grea.se-spot is invisible 
Kio. 164.—Kunseii's Plioiomctcr when viewed from the standard aide, and to observe 
Heat! the value of di, wliich gives this result; then to 

readjust the position until the grease-spot is in¬ 
visible when viewed from the unknorvn side, keeping the standard source 
and the screen fixed, that is d, being kept constant. 



' * A picfo of giKx) homogeneous paper is uniformly warmed on a plate. In the centre of 
this a small circlet or annulus is described with a little melted stearin on a fine brush. This ring 
is allowed to cool; theru is a free unwaxeil spot within the boundary thu.s made, which must 
now be tilled with melted wax. well pressed into the paper. The previously formed boundary 
secures a well-defined spot,’—Sheppard, Photo-ehtmiMnj, p. 31. 
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If those distances are and <f/ their mean may be taken as the true 
value of d^, or the exjjression 

may be used to calculate I,. 

This second method is ea,sior to use, there being no trouble such as is 
involved in the first method in estimating when the grease-spot is the same 
amount darker than the rest on both sitles. 

Exit. 140. Bunsen’s Photometer.—I'se the photometer for com¬ 
paring the illuminating power of an electric lamp with that of a candle, 
and that of a luminous gas flame (or small oil lamp) witli that of a candle. 
Check the results of the observations by comparing the gas flame and the 
electric light directly. 

If po.s-sible u.se a stand on which three candles can be mounted close 
together and make the comparisons with one, two, and three candles, 
estimating the percentage error. 


JOLY’S PHOTOMETER 

Two rectangular blocks of paraflin, aboxit 5x2x1 cm., arc placed 
together, with two of the larger faces separated by a sheet of tinfoil. The 
blocks are placed between tlie 
two sources of light to be com¬ 
pared, so that one block is 
illuminated by one source and 
the second block by the other 
source. The observer views the 
blocks from the side (Fig. 105). 
and adjusts the position until 
the two faces separated hy the 
tinfoil avS dividing line appear 
equally bright. The eyes of 
the ob.server should be pro¬ 
tected by suitable screens from 
the direct rays of the lights 
used. 

Expt. 146. Joly’s Photo¬ 
meter.—Set up the photo¬ 
meter on a long optical bench 
and use it to compare the 
candle-power of an incan¬ 
descent gas lamp with that of 
an electric lamp. When the 
correct positions have been no. 163.—Joly's I’araffia Wax photometer 

found, mea.snre the distances 

from the photometer to tlie two sources and calculate the ratio of the 
illuminating pow’ers. Repeat the observation several times for <liffereiit 
positions of the sources, and take tho mean of the results. Make an 
estimate of the percentage error possible in the measurement. 

LUMMER-BRODHTJN PHOTOMETER 

The essential part of this instrument is the same as that in Swan’s 
prism photometer * (1859). The two sources send beams of light to two 
* Willmm Swan, professor of natural philosophy in Si: Andrews, 1859-18S0. 
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nt to the nntli's of the beams, ami at 45’ to each otlier. After 
,nirior>at 22.. ^ block of class consisting of two 



The observer views the base of one of the prisms through a tel^cope 
at ('. The light from the source A is transmitted by the balsam, but is 
tolallv refiected by the air film. The light from B is totally reflected by 
the air film so that it enters the telescope parallel to the transmitted light 
from A. Thus the telescope receives a composite beam of light, the edges 
being composed of light fi-om B. and the centre of light from A. Ihe 
apparatus is usually arrangetl to give a somewhat elaborate field pattern . 

By using a balsam of the same refractive index as that of the two 
prisms, there is no reflection at the inter-face and no absorption of the 
transmitted light, .so that the trouble which arose in Bunsen's photometer 
i.« entirely obviated. Very great accuracy can be secured bj* this form of 
apparatus, and it is very largely used in photometric laboratories. 


Expt. 147. Lummer-Brodhun Photometer.—Set up the Lummer- 
Brodhun jihotometer on the optical bench, and use it to find the candle- 
power of a ga.s flame and of an electric lamp. Confirm the results by 
comparing directly the gas flame and the electric lamp. Elstimate the 
percentage error possible in the measurement. 


§ 3. Measurement of Illumination 

The illumination of a surface can be measured by means of an 
illumination photometer. This is a portable instrument provided with 
a screen which may be placed in the position where the illumination is 
to be measured. A neighbouring surface, viewed at the same time, is 
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illuininatod only by a staiulanliscd ponrcc, usually a small oloftric 
lanij) supplied by an aecuimilator. The illumination of tliis surface 
can be varied until ecjuality of illumination is secured by various 
methods, for example by tilting the surface. The scale of sucli an 
instrument must be calibrated em])irically. 

Photo-electric Photometers.—A direct measurement of illumination 
can be obtained by using a photo-electric cell. When a metal plate is 
exposed to ultra-violet light, electrons (p. 450) are emitted and this 
‘ electronic current ’ is proportional to the light energy absoibc^d. 
While most metals require ultra-violet light to show the photo-electric 
effect, the alkali metals respond to wave-lengths in the visible spectrum 
and can bo used in photometry. In one form of photo-electric cell a 
thin layer of cuprous oxide on a copper plate is covered with a trans- 
parent film of metal. When illuminated this gives an electromotive 
force between its plates. Such a ‘ photo-voltaic ’ cell may be connected 
to a sensitive moving-coil indicator having a scale calibrated in foot- 
candles. The instrument is very compact and simple in use. Ex[)eri- 
ments may be made in the laboratory to compare the illumination {a) 
at different places, (6) due to different sources, or (assuming the calibra¬ 
tion to be correct) to test the law of the inverse square of the distance. 

Instruments of this type are used for the determination of photo¬ 
graphic exposures. Adjustable scales are provided so as to read directly 
the exposure required for any emulsion at various lens apertures. 
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§ 1. The Undulatory' or Wave Theory of Light 

Robert Hooke {lfi(ir>} regarded light as ‘ a quick and short vibrato^ 
motion, propagated in every way through a homogeneous highly 
elastic medium, in straight lines like rays from the centre of a sphere . 
The true founder of the w'ave theory was Christian Huygens whose 
Treatise on Light was published in 1690. Although Sir I«iac Newton 
was prepared to recognise the existence of a periodic character in hght 
lie did not view this theory with favour, and his name is usually 
associated with the emission or corpuscular theory. The undulatory 
tlieory was developed by Young and by Fresnel at the beginning of 
the nineteenth century. Measurements of the wave-length, A, of light 
in the visible part of the spectrum were made with continually uy 
creasing accuracy. The product of wave-length and frequency, /, is 
ecpial to the velocity of wave motion. About 1868 Clerk Maxwell 
pointed out the correspondence between the velocity of light, c, and 
that of electromagnetic waves, and advanced the theory' that these 
waves are identical in their properties. 


According to Einstein (1005) the energy of all forms of radiation is 
concentrated in certain bundles.or units, and the energy of each light 
quantum or photon is definite for light of a given colour, being equal to 
tho product /i/. where h is Planck’s radiation constant. This hj-poth^is 
was iised in explaining the photo-electric effect (p. 253). On this view the 
propagation of light resembles in many respects the transmission of the 
^corpuscles’ of Newton. These apparently conflicting pictures of the 
nature of light are now regarded as complementary and not contradictory, 
and the same attitude is adopted as to the nature of elementary particles 
such os protons and electrons (pp. 362, 450). 


§ 2. Colours of Thin Films 

When a thin film of a transparent material is exposed to an ex¬ 
tended source of light colours may frequently be seen both by reflected 
and by transmitted light. Illustrations are found in the colours of a 
soap film, or a thin film of oil spread over water. Films of solid 
material such as celluloid, or the transparent w'rapping called cello¬ 
phane, show the same appearance. The phenomenon is due to succes- 
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sive reflections aiul refractions taking j)lace from the two surfaces of 
the film, the wave-fronts produced being eventually superposed. For 
generality multiple beams iimlergoing a number of reflections and 
refractions must be taken into account, b»it for simplicity only double 
beams will be considered. Let an air film between two parallel surfaces 
of glass be separated by a distance I. Interference will take place 
between light reflected from the first surface and light reflected from 
the second when 

2t cos $ = wA, 

and the illumination will tlien be a minimum. In this equation d is 
the angle of refraction in the air and n is an integer. The equation 
takes into account the fact that one reflection may be called ‘ external ’ 
and the other ‘ internal and that in consequence a retardation is 
introduced corresponding to one-half of a wave-length measured in 
air. This retardation explains why a very thin film (t-> 0) appears 
black by reflected light. When the light falls on the film at nearly 
normal incidence ^ =0 and cos = 1, so that the condition for minimum 
illumination is 

2( = nA. 


Newton's Rings.—When a plano-convex lens of long focal length is 
placed with its curved surface in contact with a gla.ss plate, there is an 
air film between the surfaces. At points such as A and B, Fig. 166a, the 
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faces of the film may be supposed approximately parallel and separated 
by a distance t, equal to MP the sagitta of the arc (compare Fig. 140). 
Consequently for light incident normally illumination is a minimum at 
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ring nuiy written 

2MF = nA, =hA, or = s X nA. 

Tn proc-.ice the diameter S of tl.e dark ring is measured, and we may 
writ e 5- = 4.v x a A, where »i is an integei. 

o Ihe cyiag.t,:. A iery bright sotlium flanre n.ust be uaed - » — 

vffinp is then moved in tho vertical direction until the rings are visible. 
oToT tlrcrols wi^es of the microscope should be parallel to the 

direction of travel and pass through the centre of the 

Thrcentral spot shiuUl be dark but usually it is not well defin^. 
Instead of attempting to measure the radius p of a dark iing, measure 
the dimneter 5. When moving the microscope across 

alwnvs travel in the same ilirection between tho settings. Ihis is to 
nvoid'errors due to ‘backlash’, for the carnage of the 
usuallv kept in contact with the end of the screw by mcajis of spring. 
In order to measure from, say, the 2.*ith dark ring, set the microscope 
on a dark ring a few rings beyond this and 

towards the centre till the cross-wire lies over the centre of the -5th ring. 
Take tho reading of the carnage, and continue to make setting and 
take readings for every fifth ring, proceeding towards the centre and 
continuing onwards on the other side until ‘^e 25 th ring is again reach^. 
From these readings find the values of the diameters a„ for corre 

sjionding values of the integer «. 

For a dark ring n S„* = 4s x nA ; 

and for a ring (n+5) 8*(«+6) = 4s x (n-t 5)A. 

By subtraction 8*(„+5) - =« 4s x 5A. 

Measure s the radius of curvature of the second (or curved) surface 
of the plano-convex lens by the method of Expt. 131, p. 228. 

Calculate tho wave-length of sodium light from the above relation. 
Repeat the calculation for other sets of rings. 

It is instructive to plot a graph showing the relation between 8» (as 
ordinate) and n as abscissa. What information does it give ? 

The wave-length of the mercury green line may be measured if a 
mercury vapour lamp and filter for isolating green light are available. 
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§3. l)ll-KKACTION' (JraTINO 

Diffraction is the breaking >ip of a beam of light into a series of 
light and dark spaces or bands ; tins ocaairs at tlie edge of an opacpie 
body or throngh a narrow aperture. When the incident beam is of 
white light, cok)ured bands are ob.serveil ; with rnonocliromatic light 
there is an alternating variation in brightness near the position cone- 
spomling to rectilinear propagation. The resulting bands are known 
as diffraction fringes. 

The existence of diffraetion bands when observing even the most 
sharply defined shadows, indicates that the propagation of light is 
only apf)roximatcly rectilinear. The bands are attributed to the 
superposition of secondary uavelets which are regarded as diverging 
from all points of the wave front. 


For simplicitv the incident light is here assumed to be parallel, or to 
have a plane wave front. This condition may be realised by using a 
c»)lhmator as in the spectrometer (j). 241). Further the ditYraction of 
l)aiallel light in some f)articular direction may be studied, and for this 
purpose an observing telescopt; adjusted for a parallel beam ai\d i)oiutiug 
in the de.sired direction is employed. In practice, then, aix ordinary 
spectrometer may be used, and in place of a prism a straiglit edge, a 
narrow wire, or u slit may be set up on the table of the in.sti uinent. W’ith 
wliite light coloured tliffraction fringes may then be stiulied for tlie variou.s 
obstacles or apertures employed. Or, alternatively, the slit of tl«3 colli¬ 
mator may be illuminated with sodium light. 

The original diffraction grating was an arrangement of parallel 
wires equally spaced so as to provide a number of parallel equidistant 
slits. A modern grating is formed by ruling with a diamond point a 
series of equidistant parallel lines on glass or on a polished surface of 
speculum metal (an alloy of copper and tin). Replicas may be obtained 
made by photography or casting in celluloid (Thorp gratings). A 
diffraction grating should be handled by its edge, and on no account 

SHOULD THE FACE OF THE GRATING BE TOUCHED. 

In a prismatic spectrum there is no simple relation between wave¬ 
length and angular deviation, but in the spectrum formed by a grating 
the angular separation is related to the wave-length by a very simple 
law. Only a transmission grating, with parallel light falling normally 
upon it, will be considered here. Let a be the width of each clear 
space or aperture, and 6 the width of each opaque part. Put the sum 
a + 6 equal to e, the so-called grating space. If these distances are in 
cm. the value of 1/e determines the number of lines per cm. for the 
grating. When a parallel beam of light falls normally on the grating, 
the light emerging normally from the grating will be brought to a 
focus by the telescope, giving rise to a bright image of the slit of the 
coUimator. This we call the central line of the grating. Now let the 
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toloscoiic 1.0 tuine.! thn.uf;!, an angle B. on cither side of this central 
noMtion. liv oonsidcring wavelets starting from correspondmg points 
the apertures it is not difiienit to show that reinforcement will take 
place when the path retardation, c sin B. is equal to an integral mimher 
of wave-lengths. This means that there will be niaximum illumirmtion 

e sin a = «A, 

wliere n is an integer, 0, 1, 2, 3 • * • . 

When »=0 we must have sin 0=0, and the central image will 

oon-espond to 0 = 0 for all xvave-hngths. For n = 1, 2. 3 • • - the value 

of sin 0 is proportional to the wave-length, and with white light there 

will be, in general, a scries of spectra, called spectra of the first, second, 

tinrd, • • • order. 

Notice that in any spectrum formed by a grating the red end, corre- 
spon.bnrto h.ni wax^-Iengths. i. mo., deviated ; in the spectrum formed 
by u prism the violet end is most refracted. 

By using a diffraction grating and determining the angle 0 for a 
given value of «, the wave-length of monochromatic Ught may be 
found by using the formula A = e sin 0/n, where e is the grating space 
or the distance between corresponding points of the grating elements. 

ExPT 147b. Measurement of the Wave-length of Sodium Light hy 
means of a Transmission GraUng—Since accurate readings of the angles 
are nee.led. tho vernier scales of the spectrometer sh«viW b® 
cnrefullv so tliat the readings may be correctly interpreted. Place a 
lamp with a switch in a convenient position for Uking readings. 

Fsc a bright soilium flame as the source, arranging suitable screens 
to cut off strav liglit. Adjust the spectrometer as in Expt. 140, using 
Schuster's method for making the optical adjustments. It to be 
noted that tho eye-piece and the cross-wires must be adjusted to smt 

the individual observer. . 

Remove the prism and set the telescope m Ime with the collm^tor 

so that a direct image of the slit coincides with the cro^-wires. Take 
the reading of the vernier attached to the telescope, and then turn the 
telescope through 00° so that its axis is at right angl^ to the rays of 
li^ht from the collimator. Place the grating on the table of the spectro- 
incter without touching either face of the grating. Arrange it so that 
the ruled face is approximately over the centre and parallel to the line 
joining two of the levelling screws. Turn the table carrying the grating 
imtil light from the collimator is reflected from one face of the grating 
into tho telescope. Now adjust one or other of these two levelling screws 
until the reflected image occupies the same position in the field of the 
telescope ns the direct imago previously occupied. Th^ adjustment 
ensures that the vertical axis of rotation is parallel to the face of the 
grating. Read the vernier attached to the table. 

The plane of the grating now makes an angle of 45® with the ray of 
light from the collimator. Since we wish the plane of the grating to be 
perpendicular to the incident light, the table which carries the grating 
must now be turned through 45° in the proper direction. 

Restore the telescope to the position in which it is in line with the 
collimator, and check the position of the central image formed by light 
passing through the grating. Next turn the telescope to view one of 
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the cliffracleil iiimgrs of tiu* first onlor, an<l if iu*«'ossar_\' adjust the lliird 
lp\(*lling scrow so as to l>ring the dirt'ractod image into the centre of tlio 
fit'ld. This is done to ensure that the rulings of the grating are parallel 
to the axis of rotation. 

Now find tlie readings of the telescope vernier for settings or* the 
various difftacted images on each side of the central image, aral obtain 
the corresponding values of the angle 0 . Take tlie mean of the two 
angles for a given order «, aud calculate the wave-lengtli from tho 
formula A = c sin O/ii. 

If the ntimber of lines per cm. of tlie gi*ating is not known it may he 
determined by using light of known wave-length, and calculating the value 
of l/e from the formula. For example the wave-length of the green lino 
of mercury is very nearly 5401 A.I', (angstrom units) or 0’0000r>4(31 cm. 
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cylindrk-al Ions. (One-lialf of a lantern condenser may be used instead of a 

cylindricaMens.)^^ in a vertical position inside a cylindrical beaker of water. 
Trace thrpaihs of ravs from the pin into the air. Deduce the position of the 
iinaco seon^bv an eve viewing the pin from the side of the vessel nearest to the pin. 
U. Trace the paths of parallel rays of light through a convex lens, and deduce 

the focaUength.^ ^ 

deduce the focal length. ♦Ur^A rlifferent wavs 

11. Find the focal length of the given convex lens 

12 Place the given convex lens so as to form on a screen an image three tim^ 
the size of the object. Measure the distance from tho object to the screen, and 

deduce distance of the image from the given convex 

lens depends upon the distance of the object, using pin-sights and the method of 

paraMax^^^^^ the shortest distance between an object and its image formed by 

the given convex lens. Deduce the focal length of the lens. 

15. The given lens is fixed at a distance of 40 cm. frorn a screen. Find at 
what distance from the lens an object must bo placed to g've » sharply defined 
image on the screen. Determine the linear magnification of the «mage. 

16. Find the focal length of the lens formed by filling a watch-glass with 

_ on li nid 

17. Set up the two given convex lenses so that parallel rays passing through 

tho first meet again at the principal focus of the second. 

18. Measure the focal length of tho combination formed by two given lenses, 
(a) in contact. (6) separated by a distance of 2 cm. 

19 Determine the radii of curvature of the surfaces of the given concave lens. 

20. Determine the radii of curvature of the surfaces of the given convex lens. 

21. Set up a convex lens to form a real image on a sc^n. Between the lens 
and the screen Introduce a concave lens with a plane mirror behind i^ Adjust 
the position of this lens so that an image is formed coincident with the object. 
Deduce the focal length of the concave lens. 

260 
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22. Find tl>c centre of cxirvatiiro of a concave mirror. Sot np a concave 
lens between tlie mirror rtn<l its centre of curv’atiire. Adjust tlie position ot n 
pin so tliut it imiy coincide witli its reflection formed by rays passing through 
the lens. Oeduce tlie focal length of the lens. In what (*as6 does this metliod 
fail ? Is the metliod upplicabh^ for a convex lens ? 

23. Arrange a slit, pri?>m, an<l lenses to project a pure spectrum on a screen. 

24. Adjust a prism on tlie table of a spectrometer to bo in the position of 
minimum deviation. Measure the angle at which light is incident on the priMii 
by finding the dirt^etion of the rays reflected from the first face. 

25. Plot a curve showing how tho angle of deviation for the given prism varies 
with tho angle of incidence. 

2C. Measure the angle of the prism of n spcctnmicter, keeping the telescope 
fixed, and turning the prism so that the image of the slit is observed by refh^i'tion 
first from one face, and s<»condly from the other face. (The angi(‘ so ineasun‘<l is 

tlie supplement of the angle of the prism.) 

27. Compare the refractive indices of two liquids, using a spectrometer aiul 

a hollow prism of small angle. 

28. Map tho flame spectra of calcium, strontium, and barium. 

20. Focus a spectrometer by employing Schuster's method (p. 244). 

This method has advantages as it does not recpiirc a distant object, and dues 
not involve removing either tho telescope or tho prism from the instrument. 
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NOTES ON HEAT 


Tlio iHoa of warmth or lu-at is rlerivetl from our sense-pcrception. and 
tho term • temperature ’ was introduced to expre.<s the * degree of hotne>s 
of a Ixulv. Karlv iu the seventeenth century the thermometer uas con- 
striieted for the’mra.surcmrat of sueii degrees . U hen a hot body ls 
n|«oe(i in contact witli u cold body, the resulting tempernturc is usually 
ntermediate in value. To explain this fact it is said that heat passes 
from the hot to tlie cold hodN’. At hrst ‘ heat was regarded as a fluid, 
to which the name of ' calorie ’ was given. One of the^great achievements 
of the nineteenth centuiv was the development by Jlayer and Joule of 
tlie theorv that heat nun- he regarded as a form of cmruy. After a century 
of exact ‘investigation the value of the - mechanical equivalent of heat 
accepted in 1041 is 4 1 Ho joules per gram calorie at 15 C. The iinportance 
of using the ‘joule ’ (uhieh should rhyme with ‘cool ). as the unit of heat 
is stresseil in the present l<‘xt-hook. One joule (10’ ergs) is the unit of 
energy in the M.K.S. system of units, and one joule per second, or one 

‘ watt is the unit of power or nctiv ity. 

The subject of heat provides mnn\- examples of the necessity of develop¬ 
ing a sense of proportion in making physical measurements. Althoug 
Joule claimed that constant practice had enabled him to read his ther¬ 
mometers to a high degree of accuracy, an ordinary laboratory thermometer 
cannot usually give greater accuraev than one part m a hundred. Ihe 
student should alwavs attempt to estimate the reading of a thermometer 
to one-tenth of a degree centigrade, but if the rise of temperature to bo 
measured is small (sav 5* C.) the error may be much larger than 2 per cent. 
It follows that it is useless, in an elementarv experiment on heat, to make 
observations on length, or volume, or mass to a greater degree of accuracy 
than say 1 per cent. 
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THERMOMKTRY 
§ 1. Introductory 

To define a scale of temperature we may use any property of a body 
wliieli varies continuously witli temperature. If this property have 
values Xo at the Ice Point or Freezing Point, and at the Steam 

Point or Boiling Point of water under standard pressure, we define one 
centigrade degree as that change in temperature whicli causes a cliange 
(Xioo-Xo)/R**^ ”1 this property. 

If the value of the property be X, when the body is in certain 
surroundings, the temperatiire of its surroundings is given by 

e c. = ^~-^-xioo 

A100 Ao 

on the particular scale which depends on this i)roperty X. 

For mo.st practical purposes we take as our scale the scale depending 
on the position of the top of a thread of mercury in a glass tube. Its 
position is observed at the Freezing Point and again at the Boiling 
Point; and the thermometer stem between these points is divided 
into I’oo equal divisions, each being one centigrade degree. Two 
raercury-in-glass thermometers will agree only if similar kinds of glass 
are used and the bore of each is quite regular. 

IVIercury-in-glass tliermometers are used chiefly on account of their 
convenience. The standard tliermometer for scientific purposes is a 
constant volume thermometer (p. 282) filled with hydrogen gas. 

The efficiency of a laboratory depends on the care taken of appar¬ 
atus ivhen in use, and the student should use all reasonable precautions 
in the handling of fragile apparatus such as thermometers. A ther¬ 
mometer should never be raised to a higher temperature than that for 
which it is constructed, and the thermometer should be returned to its 

case when finished with. 

In reading a tlicrmometer any error due to parallax must be 
avoided : tliat is, the line joining the eye to the top of the mercury 
thread must be at right angles to the stem of the instrument, so that 
the divisions of the scale may not be displaced relatively to the top of 
the tliread. The student should practise estimating the reading of the 

thermometer to the tenth part of a centigrade degree. 
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It not bi- forgotten tliat a thermometer registers its oim 

temperature ; and tl.erefore in using it to determine the te-“P^ature 
of any substance it must be brought into intimate contact with that 
substance and must be left tliere a sufficient length of time to acquire 

its temper;iture. 

Ekit 148. Effect of Stem Exposure.—Place a thormometer in a 
livpsomftff (p. 207) so that the wliole stem is enclosed m the steam up 
to the \m) V. mark. Note the reading of the thermometer when the 
water is boiling gently. Raise the thermometer until the stem is exposed 
holn ihc W mark ipwards, leave it for « few minutes and take the 
reading again, the water being kept boding the wliole time. 

Repeat the observations with the stem exposed from 40 C. uP"ards» 
and again from 10" C. upwards, and note the effect the of the 

stem produces on the reading, although the temperature of the bulb is 

maintained the same throughout. 

Bear this in mind in all thermometric measurements. 


§ 2. Fixed Points of a Thermometer 

Two fixed points are necessary in order to define a scale of tem¬ 
perature. , , . C • 

The lower fixed point is defined as the temperature of fusion of ice 

from pure distilled water ; that is, it is the temperature at which ice 
and water can exist together in equilibrium. This is called the Ice 
Point or the Freezing Point and is marked 0“ on the centigrade scale. 
The effect of pressure on the melting point of a substance is so small 
that it can be disregarded, for all practical purposes, in defining the 
freezing point. 

The upper fixed point is defined as the temperature of steam rising 
from pure distilled wat,er boiling under normal atmospheric pressure. 
This pressure corresponds to a barometric height of 760 mra. of mercury. 
The upper fixed point is called the Steam Point or the Boiling Point 
and is marked 100^ Thus, on the centigrade scale, the interval between 
the freezing point and the boiling point is divided into one hundred 
degrees. 

The temperature of steam from boiling water is independent of 
the nature of the vessel in which the water is boiled, and of the im¬ 
purities in the water, but varies with the atmospheric pressure. The 
variation of the boiling point with the pressure was carefully studied 
by Regnault, who found that.in the neighbourhood of 760 mm. an 
increase of pressure of 26-8 mm. produced an elevation in the boiling 
point of 1® C. For small variations the change in boiling point may 
be taken proportional to the difference in pressure. The graph (Fig. 
168) is drawn on this assumption. This should be copied in the student’s 
note-book. 

It is found that the glass of the thermometer changes gradually 
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with time producing small changes in the fixed points. It is tlierefore 
necessarj’^ to redetermine these from time to time, so that corrections 
may be applied for the errors. In tliis country it is usual to mark the 
lower fixed point first. 

Expt. 149. Determination of the Fixed Points of a Thermometer.— 
(i) Freezing Point.—Fill a suital>le vessel nearly to the top witli ice in small 
luini)s, ninl allow the spaces between the lumps to become filled with ice- 
cold water. It is better not to tlrain away the water from tlie melting ice, 
but too much water must not be allowed 
to aceumulate. Tlie whole must be kept 
well stirre<l. 

Place the thernioineter carefull\- in the 
ice so that the bulb is iu the centre of the 
vessel, and the zero point is j\i.st above the 
surface of Hie ice. Hea<l the lowest j)oint 
renclieil by tlie top of the mercury column 
(estimating to one-tenth of n degree) wliile 
the mercur_\’ column is still surroundeil b_\' 
the icc. If the reading lie above zero, the 
error is called positive; if below, negative. 

If the error be positive, the correction to be 
applied to the rending, to give the true 
temi>erature. is negati\e. 

(ii) Boiling Point.—'I’o determine the boil¬ 
ing point the thermometer is jilaci-d in a 
metal ve.ssel called a hypsometer. This is a 
boiler fitted with a df>ul)le-wnlled steam 
jacket above it. Tb<* thermometer is sup- 
[lorted by n cork fitte<l into the top of the 
hypsometer in such a way that the upper 
fixed point is just visible above the cork. 

Care must be taken that the thermometer 
does not fall into the hypsometer, as this 
would probably result in breakage of the 
bulb. A loop of wire through tlie hole at 
the top of the stem will prevent .such an accident. Tlie tliermometer 
should remain in the .steam about ten minutes before the reading is 
taken. The water must not be made to boil too violently or the pressure 
of the steam in the hypsometer will exceed the atmospheric pres.sure. 
Read tlie top of the mercury column to a tenth of a degi-ee. 

Correction for Pressure.—Read the height of the barometer in millimetre.s 
and determine from the graph (Fig. 108) the boiling point corresponding 
to the observed atmospheric pressure. 

Enter in the note-book this, the true boiling point, and also the 
boiling point recorded by the the^ometer under test. Calculate the 
error of the thermometer at the boiling point. 

In order to determine the correction required at any temperature 
between the freezing point and the boiling point, use a graphic method. 
Take intervals along a horizontal axis to represent intervals on the 
thermometer scale, and distances along a perpendicular axis to repre¬ 
sent the correction required. In the diagram (Fig. 169) the correction 
at the freezing point is supposed to be +0-2° C. and the correction at 
the boiling point +0*8° C. 



FlCi. 107.—Hypsometer 



A TEXT-BOOK OF PRACTICAL PHYSICS 
Tlie correction is the amount that lias to he added to the reading to 


give tlic true tcnificraturc. 




§ 3. Calibration and Graduation of a Thermometer 

To obtain equal values for the temperature differences indicated by 
equal movements of the mercury along the tube, it is essential that the 
bore should be uniform : this is rarely or never found to be the case. 
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To correct for this the l>ore must he calU>rateil hy moving n thread 
of mercury along it, and measuring the length of the tliread in different 

parts of the tvd)e. 

I,joTE._Expt. 150 is instructive for the more advanced student, but 

should not he attempted by the beginner. 

Exi*!' 150. CaUbration of the Bore of a Thermometer.—.A. small flame 
is atlowed to play on tiie tube at a point upi)roxiinateJy 10 degi-ees away 
from tlje end of tlie mercury column.* Tins deiaehys a threatl of iiuncm.s 
bv boiling the mercury just at the point where it is heated, and t us 
thread can be used to calibrate the tube. It sliouUl be very “***‘d> 

10 degrees in length when detached. The therinoineter stem is allowed 
to cooh and the thread is iiunetl by gentle shaking till one end is appmxi- 
inatelv at the 0 C. mark, the bulb being cooled with ether to inysent 
the tl'ireud from joining up to the rest of the mercury, llie position of 
each end of the threa<l is then observed witli a travelling micioscopi, 
the position being estimated on the scale of degrees of the „ 

This is done bv mcusuiing the length of one degree in cm. on the scale 
of the microscope atul measuring Xho/racfiou of a <legi;ee fiom the cm 
of the thread to the preceding mark also in cm. The position is expressed 

to rAn a • foJ’ 

'Microscope Scale reading on 9th degree division - 

„ lOth =14 0«cin. 

end of tlireud = 14 00 cm. 

* * * 

The end of the thread is therefore at 

9+ J ^2 tliat is, 9 Oof3). 

The thread is then moved along until its Mower* end is approxi- 
inatelv where the ‘upper’ end was in the fiiyt meusuremeiit. an. tlic 
no.sitibns of the two ends are again noted. It is then adjusted to a thiui 
position between 20° and 30“ and measured again, tins being repeated 

until the upper end is at the B.P. 

The correction is worked out as in the following nuineneal example 

.^ position of .hreod fro„. - O-Or to th.ad ,o.,g.h 

^ ^ " ” 19-88“ to 29-94° 

29-98° to 4012° „ 

40-00° to 49-78° 

49-82° to 60-00° 

59-95° to 69-90° 

70-00° to 80-00° 

80-03° to 9017° 

90-06° to 99-92° 

Moan length of thrend= 9-995, 

would occuDV 9-995 degrees anywhere up the scale, if 

9T2Tthus -0.n5- C cal, 

u‘‘,979 - IS-mT-^O O^ C. cJ,, ul S„; it ia the correction rec,nirec, 

“ “‘tJ d^ottlor^dfo’cld Br.. i» coasCtcd a, to the .dvi^cb^y o, dehrebing a thread o, 
n.ccu'r^y this n...tb.«l lor u.cd. a itboa. a.ing 

rbc’."d?rnr.carc" 1,S u“r„rcS S .bo n,icr<,„Lf .cab. in tbi. caac, aa o.dy 

relative valuea are required. 


3rd 

4th 

5th 

6th 

7th 

8th 

9th 

10th 


»» 
f 9 
P9 
9 9 
ft 
ft 
tf 
9f 
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»» 
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»» 


»> 
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10-06 

10-14 

9-78 

10-12 

0-95 

1000 

10-14 

9-86 
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-T 0-175 

S.,o = 

-0-03 

^10 

009 

6,0 = 

+ 0015 

A ^ 

: +0-025 


+ 0-01 

Oin * 

-0-2 


-0 135 

dio “ 

: +0-095 


0-00 


^''V“b ob^erv:.!:;:-: curve can IH, tlrann, giving the atno^ 

that has to be athlcl at each point in tho scale to correct lor unevennosa of bore 

and scale. i -x*. i i. 

Note. —Thermometers for accurate work may be submitted to a 

^standardising iaboiatory for comparison with a standard thermometer. 


GRADUATION OF A THERMOMETER WITH AN ARBITRARY 

SCALE 


In some cases tho .scaJe engraved on the stem of a thermometer may be 
entirely arbitrary, so that the readings are not obtained diiectly in degrees 
cerVtigiUr Fol e.KQ.nple. the stem might be marked with a scale of 
uiillimotres, vet such a thermometer can be u.sed to find the temperatuie 
on the centigrade scale. For this purpo.se tlic thermometer must first be 
standardised^by finding the two fixed points by the methods described m 
the previous section. Tims it might be found that at the freezing point 
tho mercurv stands at u point 24 mm. from the bottom of the scale. %vhile 
at the boiling point the mercury stands at a point 184 mm. from the bottom 
of the scale. If the reading of the barometer at the tirne of the determina¬ 
tion were 733 mm. the boiling point would be 99 C. instead of 100 C. 
Consequently the point 24 mm. from the bottom of the .scale corresponds 
to 0°C and tho point 184 mm. from the bottom corresponds to 99 C. 
Thus a distance of 100 mm. on the scale corresponds to on interval of 99 
centiiirade degrees. It is then easy to calculate the interval on the centi¬ 
grade scale for 1 mm. on the tliermorneter ; in this cose 99/160 degrees 

correspond to 1 mm. . . ^ x x e 

Suppose this thermometer is employed for finding the temperature ot 

a liquid in a calorimeter (p. 287), and that the mercury stands at 64 mm. 

from the bottom of the scale. Then the mercury stands at 40 mm. above 

the freezing point, and the corresponding temperature on the centigrade 

QO 

scale is 40 x = 24-75° C. 

The relation between the scale of the given thermometer and the 
centigrade scale can be shown graphically, taking the readings of the ther- 
mometer as abscissae and the readings of the centigrade scale as ordinates. 


Expt. 151. Graduation of a Thermometer with an Arbitrary Scale.— 
Standardise a thermometer provided w’ith an arbitrary scale, in the 
manner described, and use it to determine the temperature of the room, 
and also the temperature of the water supply. 


§ 4. Melting Points and Boiling Points 

Expt. 152. Determination of the Melting Point of a Solid.—To 
determine the melting point of a solid such as paraffin w’ax, draw out 
a piece of glass tube in the flame of a blowpipe so as to form a thin-walled 
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capillary t»tbo. C\\t off with a fih*. oi- }zla.<.<-ciittcr's knife, a piece of this 
tube a few centimetres lonj;. 4'lie tube miisl now be Hlle<l witti the 
material nailer investigation by (h|Ji>ing one end into the liipiid formed 
by lieating a small qnantity of the solid in a suitable vessel. In most 
cases the liquid will be drawn into tlie tube by capillary action. 'I'he 
tube must be sealed off at the bottom after tiiling, otherwise the .sub¬ 



stance will run out when melted, or the water will rise up the tube and 

the .solidifying point cannot be observed. ..... , n 

The tube containing the solid substance is now attached to the bulb 
of a theiTnometer bv elastic bands or fine threads, and tlie bulb is heated 
caref»illv in a water bath (Fig. 170). The reading of the thermometer is 
noted at the instant when the solid in the small tube assumes the liquid 
state, and another reading may be taken by allowing the water-bath to 
cool and noting when the solid reforms. The temperature taken for the 
mdlinq will be somewhat above the true melting point, and the tempera¬ 
ture for the solidification will be too low. The mean must be taken as 
the true melting point. There is, liowever, a possibility of super-coohnfi 
the liquid and in such an event the true melting point is not obtained 

by this type of experiment. . i -.u i 

In some cases the capillary tube may be dispensed with and a thin 




FT. IV 


070 


\ TKXT-BOOK OK PlOUniCAL PHYSICS 


lihn th,. soli,I ...ay l.a lo....i-.l the la.II. of tl.o the.mo...ate.-, 

Avhicli is lu attMl c-an‘fully US , , .1 

s'-e also tho ex|)fmnent on the cuivo of cooling wlicn a liqiml solali- 
fics. |). 

Exrr ir»:J. Determination of the BoiUng Point of a Liquid—For this 
,l,.,.>nniimt.oiu |.laco the licjuid in a test-tuhe fitted with a cork provided 
u ,th two holes. A thennoineter pas.se.s through one hole and a glas^. tube 
to earrv off the vapour through the other. Ihe test-tube i.s hea ed care- 
fullv bV a small (lame or a wotoi-bath till the boiling point of the liquid 
reaclu'd. In order to prevent IoHhkj m(h humpinf/, a few glass beads, 
or short pieces of thin walled cafnllary tubing (made by drawing out 
a glass tube in the flame of the bloupipe), should be placed in the liciuid. 
'Phe position of the thermometer in the test-tube will depend on the 

lifiuid under test. . , , . . 

(u) In the case of a pure litpiiil. the thermometer u> used to register 

the temperature of the vapour only, and the bulb of the thermometer 

should not ilit) into the liipinl (Fig. 1 < 1). 1 i-rr 

{!>) In the case of a .solution, the temperature of the liquid ditters 
appreciably from that of the pure .solvent. In order to determine the 
hoilitig point of the solution, the bulb of the thermometer rnu.«?t be im- 
ima-sed in the liquid. Notice the difference between the readings when 
the thermometer bulb is in the solution, and when it is m the vapour 
above the licjuid. The solution must be boiling very genlly to avoid 
suiierheuting. 


Note. —Great care must be taken in handling and using sensitive 
tliermometers, which must not be over-heated. It is sometimes con¬ 
venient to protect the bulb with a cap of thin metal, but the water 
equivalent of the cap must be taken into account in calorimetry. 
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Hence 


§ 1. The Coefficient of Linear Expansion 

The increase in lengtli of a rod produced by raising its temperature 
one degree is small compared with the length of the rod, anti is found 
to be nearly constant for different temperatures. 

The coefficient of linear expansion of a solid may be defined as the 
ratio of the increase in length to the original length for a rise in tempera¬ 
ture of one degree. 

Thus, if the original length of the bar is Iq and its length becomes 
when its temperature is raised 1®, the coefficient of linear expansion 
a is given by 

a = —j —■ 

*0 

If the length of the bar becomes I when it.s temperature is raised i® 
we may write 

Hence = 

or I = + (2) 

It is sometimes convenient to take the original temperature of the 
bar as 0® C. ; then Iq represents the length at 0® C. and t represents 
the temperature of the bar in degrees centigrade corresponding to 
the length 1. 

Since the change in length actually observed is small, it is in practice 
convenient to assume that the original temperature is that of the 
room, and that represents the length of the bar at that temperature. 
In this case it must be noted that t represents tlie rise of temperature ; 
that is, the difference between the final temperature and that of 
the room. 

Note. —In any determination of the coefficient it is essential that 
sufficient time should be allowed for the temperature of the bar to 
become uniform throughout its volume. The coefficient is here 
expressed in (®C.)'*. 

We see from equation (1) that a determination of the coefficient of 
linear expansion involves the measurement of three quantities, the original 
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U.,uyt]^ the rise of tcmneratiue. and the increase in length. The only 

r:r ..iJr 4 .«o«^ 

the teiniM-iatiiie at which the measurement is made be noted. Jo i^easure 
the small incretise in length wlien the bar ls heated to a known temperature 

severa, method. be e.np.oyed^-^a^iBed by mean, of a -echaaical 

or a,; onfcal. lever (Lavoieier and Laplace) in a known proportion. The 

iiuii/nificatioii factor requires careful deternnnation. , • ^ ^ 

2 . The increa.se in length may be measured directly by means of a 
rninmincter screw. An ordinary spherometer can be einplojed. 

3 The increase in length may be measured directly by adjusting one 
micrometer or vernier microscope in focas on the fii-st end of the bar under 

test, and a second microscope on the other end. 

This method ha.s the advantage over the other two m 
observations are made on both ends of the bar, and no a-ssumption 
that one eml of the bar remains fixed throughout the experunent. This is 

essentially the method of Roy and Rarn-sden. 

Strictly speaking all tliree methods give the difference between the 
expansion of luo bodies. Care must be taken to avoid error due to assum¬ 
ing that one does not expand. 

Methods depending on optical interference are not mcludecL iiore. 

Expt. 154A. Determination of the Coefl&cient of Linear Expansion 
The following apparatus is an example of the second method. Ihe bar 
to be experimented upon is placed inside a steam jacket consisting of a 
hollow’ metal (or glass) tube through which a current of steam can be 
passed. The entls of the bar project slightly beyond the ends of the 
lacket, the joints being made steam-tight by cork or rubber tubing. 
A thermometer is provided to measure the temperature at each end of 
the bar One end of the bar remains in contact with a fixed metal 
stud ; the other end is free to expand. A micrometer screw with a 
divided head (spherometer) is arranged at this end so that the ax^ of 
the screw’ coincides in direction with that of tlie bar. Coritact between 
the end of the screw and the end of the bar may be detected by the sense 
of touch, or a ratchcl micrometer may be used, so os to slip ^ soon as 
contact takes place, but it is preferable to use a supple electrical device 

to indicate the position of contact. . , • * 

One pole of a voltaic cell is put in connection w’lth the microme^r 
screw ; the other pole is connected through a simple galvanometer with 
the stud against which the fixed end of the bar rests. As soon as the 
point of the micrometer screw touches the end of the bar, the circuit is 
completed and the galvanometer needle is deflected. 

Set up the apparatus and determine at the ordinary temperati^e 
the reading of the micrometer screw when contact takes place with 
the end of the bar. This adjustment should be repeated several 

times. „ - 

Now turn the micrometer screw back several txirns to allow for eocpa^xsion. 
Heat the bar by passing a current of steam from a boiler through the 
iacket, and wait until the bar has had time to acquire a steady tem* 
perature. Note the readings of both thermometers. Again adjust the 
micrometer screw to give contactp and take the reading. The reading 
should be repeated several times. The difference between this and the 
former reading gives the increase in length of the bar. 

Calculate From the observations the coefficient of linear expansion 
of the bar. 



OE. II 


COEFFICIENTS OF EXPANSION 


27.* 


Expt. 154B. An altornutivo plan, usin<x an onlinary inicroinctor 
screw guu^e, is to cluinp one eiul of a horizontal metal tube lirmly, 
uiul to allow the other end to .slide easily (hroiij'h an a|>ertm'e in a 
lixed block.* A block of about the same .size is c]am|>e<l oil the tube 
nt^ar the place where it jiasses through thi.s ap<“rture. lOach block has 
a vertical projection serving a-s an index for measurement. 'I’lu* distance 
between the outside faces of these projections is measun-d by the scr<“w 
gauge when the tube is cold and again after it has been heated by a 
current of steam to 100® C. The ilift't'renco between the reading.s gi\'cs 
the increase in length due to expansion. Calculate the coeflicient of 
oxpan.sion. 

The third method may be employe<l to find the coeflicient of expansion 
of a metal tube. 


Expt. 155. Determination of the Coefficient of Linear Expansion of a 
Metal Tube.—Make two transverse scratches, one near each end of a 
metal tube about one metro long. iMeasure tlie distance betsi'cen them 
at the temperature of tlie room by setting up two travelling microscopes 
as in the comparison of the Yard and the Metre, Expt. 4. It i.s dcsirahlo 
to set up the microscope stands on a slab of slate, so that the ilistance 
between them may not bo affected when the tube is heated. Focus the 
microscopes on the scratches. Pa.ss a current of steam through the tube. 
Adjust tlie tube so that the scratch at one end coincides with the cross 
hair of the first microscope, and measure the distance through which 
the second microscope must bo moved to give coincidence at that end of 
the tube. This gives the increivsc in the length of the tube. Calculate the 
coefficient of linear expansion on the assumption that the tube is heated 
to 100® C. 


§ 2. The Coefficient of Expansion (Dilatation) of a Liquid 

Tlie coefficient of expansion of a liquid may be dcfincil in two 
distinct ways :— 

I. The Zero Coefficient of Expansion.—The coefficient of expansion 
of a liquid is the ratio of the increase in volume to the volume at 0^ C. 
produced by a rise of temperature of 1° C. 

Thus, if Vj be the volume at 1® C., Vq the volume at O'* C., and a 
the coefficient of expansion, 

_Yl-_Vo 

Vo * 

If ive assume that the substayice expands uniformly with rise of iem’ 
peraiure ; that is, that equal changes of volume correspond to equal 
changes of temperature, the volume V, at any temperature t is given by 

V,-Vo 

“■ Vof 

or V(=Vo(l + af). 

II. The Mean Coefficient of Expansion between two Temperatures.— 
The mean coefficient of expansion between any two temperatures is 

^ Alien and Maswell, A Ttzi^Book of Z/eni, Part I, 16, Fig» 29 
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ihe ratio of the increase in volume to the original volume per degree 
rise of temperature. Thus, if a rise of temperature of f change the 
volume from V to V' the mean coefficient of expansion is 

V'-V 
Vt ' 

Note that no reference is made here to the original temperature 

''"“In'uie' ease of a substance like water, which does not expand 
uniformly, this definition is necessary. 


effect of a change of temperature on the 

density of a liquid 

Let Vo. po. tlenote the volume and density of a given mass of liquid 
at 0° C Then the mass of the liquid is V© po* 

« t 1.1 .tirtA A-t Anv oth8r tempsraturc 


— - - - » / 

C. Then the mass 

of the liquid is Vp. 

both temperatures. 
Hence 

Vp = Vopo, 

or 

V Po 

Vo P- 

But 

V 

,V = l+a/, 

' 0 

so it follows that 

P 

or 

Po = p(^ 


The difference should be noticed between this equation and that con¬ 
taining V. The effect of a rise in temperature is, in general, to mcrease 
the volume but to diminish the density. 

The coefficient of expansion is given by 

Po-P 


a = 


pi 


This expression is exact, and not a mere approximation. 

In the same way, the mean coefficient of expansion between two 
temperatures and may be shown to be 

Pi “"P* 


a — 


Pa (^2 “ ^i) * 

where is the density at and p^ is the density at fj. 
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COEFFICIENT OF EXPANSION OF WATER OVER VARIOUS 

RANGES OF TEMPERATURE 

Ill the case of a liquid, it is much easier to determine the variation 
ill density than to determine the variation in the volume of a given 
mass of liquid. The method usually adopted is to fill a specific gravity 
bottle up to the mark with liquid at various temperatures, and to 
weigh the quantity of liquid present. 

Expt. 15G. Expansion of Water by Specific Gravity Bottle Method.— 
In this case the density of the liquid is proportional to the weight of 
liquid filling tho bottle. Dry and weigh a specific gravity bottle of about 
100 c.c. capacity. P'ill the bottle to the mark with water at a tempera¬ 
ture between 2'^ C. and 7° C. Weigh the bottle and water. 

Empty the bottle, place it in a batli of water and raise the tem¬ 
perature to about 20'' C. Fill the bottle with water from the bath, 
adjusting the level of the water to the mark on the neck, while the bottle 
is still in the bath. Take the temperature of the bath. Remove tho 
bottle and water from the bath, carefully dry the outside of tho bottle, 
and weigh it. 

Repeat tho experiment, adjusting the temperature of the water batli 
to about 40" C., GO" C., and 80" C., aiul filling the bottle to tho mark at 
each of these temperatures. In weighing, tlie bottle and water will cool 
considerably and the liquid surface will fall below the mark in the neck. 
No notice need be taken of this. The liquid in the bottle is the amount of 
liquid whicli filled the bottle to tho mark at the temperature of the bath, 
its mass is not altered by its contraction. 

It is nccessarjt’, however, at tho high temperatures to weigh as quickly 
as possible to avoid evaporation. There may also be an error due to 
the upward convection current past the hot bottle, and it is therefore 
advisable to cool the bottle rapidly under the cold-water tap before 
weighing. 

The mass in gm. of the water filling the bottle at the first temperature 
(between 2" C. and 7® C.), may be taken as numerically equal to the 
volume of the vessel Vj at that temperature, the den.sity of the w’ater 
being one gram per c.c. within the limits of accuracy of experiment 
over this range of temperature. 

Calculate the capacity of the vessel V at each of the other temperatures 
taken, using the expression 

V = Vdl + ^((-/i)b 

^ being tho coefficient of cubical expansion of glass : p is approximately 
0"000025 per 1" C. 

Find tho density of the water at each temperature by dividing the 
mass of water in the bottle by the volume of the bottle at that temperature 
as calculated above. Tabulate the quantities: temperature, mass of 
liquid in bottle, volume of bottle (calculated), and density of liquid. 

From the densities at 20" and tj" C. calculate the mean coefficient of 
expansion of the water between these two temperatures— 

Mean a (/.to = • 

Calculate also the mean coefficients of expansion from 20" C. to 40® C., 
40° C. to 60° C., and 60° C. to 80° C., by a similar method. 
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IMot n ourvo .showinp the vnriotion of density with temperature and 
also showmK th. variation of the coeffic.ent^f ex^ansioy-.th 

Tl.o nu>nr» coetliciont of expansion 20 ^ ^ 

the same as the coefficient of expansion at 30 C., and so on. 


DENSITY OF WATER AT VARIOUS TEMPERATURES BY 

MEANS OF A GLASS SINKER 

The variation of the density of water "‘‘h 
fouiul by observing tlic weight of a glass sinker m water at different 

'‘'''\'’,Tvrd;moto the volume of the glass bulb at 0» the coefficient 

(if cubical expansion of glass. Then the volume of the bulb at any tern 
peraturo c! will be V = Vo{l + ^0- The value of ^ for ordinary glass is 

“ 11^ dln^ity of water at C,, the we^t of 

equal, in accorilance with the principle of Archimedes, to the loss of weight 
in water = \\% say. 

Thus Vo(1 + ^OPi = W 

\V 

and P* - V7( 1 + ’ 

The value of may be determined indirectly by finding the joss of 
weight wlien the sinker is immersed in water the temperature of which is 
approximately 4’ C. For temperatures not far from 4 C. 
water may ho coiisirlored as I gm. per c.c., so that the volume of the sinker 
at this temperature is found readily. 

Expt 157. Determination of the Density of Water at various Tem¬ 
peratures by Means of a Glass Sinker.—A convenient form of sinker 
consists of a glass bulb containing lead shot. The quantity of shot mi^t 
ho a<liasted before the bulb is sealed finally so that the sinker is suffi¬ 
ciently heavy to sink in water. The bulb is suspended by a fine wire 
from one anil of a sensitive balance. If a chemical balance '^th a closed 
case is employed, a small hole must be provided in the floor of the 
balnnce-cn.so through which the wire can pass. Another hole must be 
made in the sliolf on which the balance-case rests so that the wire pass^ 
freely through the two holes. The sinker is attached to the low*er end 
of tlio wire, an<l can be immersed completely in a large vessel of 
which cun bo heate<l to any desired temperature. To dimmish the 
cffectsS of surface tension at the point where the wire passes through the 
surface of the water, the diameter of the wire should not exceed O'l mm. 
The sinker is first counterpoised in air, then it is immersed com¬ 
pletely in the w’ater in the vessel and weighed again. The differ^ce 
between the two w’eighings gives the loss of weight in water. The first 
observation may be made when the water is cooled to a temperature of 
about 4° C. Then heat the bath to 70° or 80° C. and allow it to cool 
slowly. It is easier to regulate the temperature when the bath is cooling, 
and to maintain it at a steady value while the process of weighing is 
being carried on. The flame of a Bunsen burner should be regulated 
carefully by altering its size or its distance below the bath so as to keep 
tl\e temperature steady during the observation. Care must be taken to 
stir the water thoroughly between the observations, so that the tem- 
pornturo is uniform throughout the mass. Observations of the loss of 
weight and of the temperature, should be made at intervals of 10° 
or 15° C. 
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A table should be drawn up giving the density of water at different 
teinperaturevS, ami the results should be plotted on squared paper. 

Calculate the mean coefficients of expansion of water between the 
consecutive pairs of temperatures taken. 


THE WEIGHT THERMOMETER 


The Weight Thermometer is a cylindrical glass bulb, with a neck 
drawn tlown into a fine ttibe. This ttibe is bent round so that its open 
end may dip into a vessel of liqxiitl. The apparatus is used for finding 
the coefficient of expansion of a liquid. It is simplest to regard it as an 
instrument for comparing the densities of the liquid at two specified 
temperatures. 

Let Vq = volume of the thermometer at 0® C., 

?no = raass of liquid filling it at 0® C., 

Po = density of liquid at 0® C. 

Let V,, »i|, pt denote the corresponding quantities at C. 

Then, if )3 is tlie coefficient of cubical expansion of glass, 

V,=Vo(l+^0. 

From the definition of density it follows that 

mo = V(,po w, = V,p,. 

Yo£o _ 0 

\ tpt 

Po V, 

pi 


Hence 


or 


m.''Vo 


rriQ 


= “"(i+W 


m 


But it has been proved (p. 276) that 

^ = l+aJ, 

P 

where a is the coefficient of absolute expansion of the liquid. 

Hence 1 +a/ =^{1 +^0- 

Solving this equation for a, it is found that 


a = - 


niQ-m, 


rritl ^ntt 


Notice that no approximations whatever have been made in obtaining 
Ibis result. 

If the expansion of the thermometer bulb be ignored, ^ = 0, and 
the coefficient of apparent expansion of the liquid is 


mn — 711 


771J 

Expt. 168. Determination of the Coefficient of Expansion of Glycerin 
by the Weight Thermometer.—Find the mass of the empty thermometer. 
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,n tho « from tlie ice. placing the cup so 

the thermometer, and let it cool to the temperature ^f the room, ine 
Ihiiiid will contract, but tho mass is still the mass of liquid 
thermometer at 100^ C. Weigh tlie thermometer agam, and determine 

''''\"“cTilnt<ftl.o‘'co"mcicnt of apparent expansion of 

also the coemcient of absolute expansion, assuming the coefficient ot 
oxjiansion of glass to be known. 

The coefficient of expansion of fused silica or quartz is so small that 
the expansion of a vessel made of this material may be neglected. 


THE VOLUME DILATOMETER 


The Dilatometer consists of a cylindrical bulb to which is attached 
a straight graduated tube. If the volume of the bulb up to the first 
division on the stem is known, and also the volume corresponding to 
a division of the tube, the apparatus may be used to determine the 


coefficient of apparent expansion of a liquid. 

Expt 159. Determination of the Coefficient of Apparent Expansion 
of a Liquid by Means of the Dilatometer.—First weigh the empty dilato- 
meter. Then fill it to the first division on the stein with a liquid of 
known density, and weigh again. From the mass of liquid thus found, 
calculate the volume of the bulb. Fill the dilatometer to a mark near 
the top of the stem and weigh again. Find tlie mass of liquid filhng a 
definite length of the stem, and calculate the volume of this len^h ot 

the stem. Deduce the volume corre-sponding with one ik 

To finrl tho coefficient of apparent expansion of a liquid, hll the biUb 
and part of the stem with tlie liquid, and cool the whole to 0 a by 
immersing in ice. Read the position of the liquid in the stem. Then 
heat to a known temperature in a water bath, and again read the position 
of the liquid in the stem. Calculate the volumes corresponding to these 
readings. Calculate the coefficient of apparent expansion from the tormula 

V, = Vo(l + at). 


§ 3. Expansion of Gases 

THE EXPANSION OF AIR AT CONSTANT PRESSURE 


When a given mass of a gas expands under a constant pressure, 
in consequence of a rise of temperature, the relation between the 
volume and the temperature is expressed by the equation 

V. = Vo(l+at), 
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where V, represents the volume of the gas at C., Vq the volume at 
0® C., and a is called the coeflBcient of expansion, or the coefficient of 
increase of volume at constant pressure, its value being very nearly the 
same for all gases. 

The equation expresses in symbolic form the Law of Charles which 
states that when a fixed mass of gas expands under constant pressure, 


the volume increases by a definite fraction of 
the volume at 0® C. for each degree rise of 
temperature. 

Expt. ICO. Determination of the Coefficient of 
Expansion of Air at Constant Pressure.—A flask 
of 300 or 400 c.c. capacity is provided with a 
well-fitting rubber stopper through which pn.sse.s 
a short length of glass tubing. The lower end of 
the tube should be flu.sh with the bottom of the 
stopper and the upper end should not project 
more than 2 or 3 ctn. above the stopper. A piece 
of rubber tubing about 5 cm. long is fitted to the 
projecting gla.ss tube. 

The flask, stopper and tube must be dried 
thoroughly. This drying may be done by washing 
out with methylated spirit, and blowing a cxirrent 
of air throtigh the apparatus. The weight W, of 
the dry flask i.s next found. 

The flask, with the stopper inserted, is then 172 .—Kia.<sk iieatod to 

placed in a can of water which is heated gradu- tho iioiiing Point 

ally to the boiling point. If the can be fitted with 

a wire hantlle, the latter will serve to hold the flask immersed in the water 
(Fig. 172). The flask must be left in the water for at least five minutes 
after the boiling point has been reached, so that the air inside may reach 
the temperature of the boiling water, which we shall assuino to be 100® C. 
The rubber tubing is then pinchetl firmly between the thumb and finger, 
and the flask is quickly lifted ovit of the can and turned upside down in a 
large vessel containing cold water (Fig. 173). As soon as the stopper is 

un<ler the surface of the cold water, the 




rubber tube may be released so thot cold 
water may enter the flask. The flask 
must be immersed completely for several 
minutes, neck dowTiwards, so that the 
contents may come to the temperature 
of the water. Let this temperature bo 
C. The flask is then raised till the 
level of the water inside the flask is the 
same as the level outside, and then the press¬ 
ure of the air inside is the same as the 
atmospheric pressure. The rubber tvibing 
is pinched while this condition is satisfied 
and the flask is lifted out of the water, 
turned right way up, dried on the outside 


and weighed. Let the weight be \\\. 

Then the fla.sk is filled completely with cold water, the stopper i.s 
inserted so that the water fills the glass tube, and the weight W, is found. 


The weight of water filling the whole flask is W, - Wi gm. But 1 gm. 
of water occupies 1 c.c. So the volume of the flask is W 3 - W, c.c. Now 
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Hut it is ..ecossary to refer the volumes to the volume at O'” C m 
onlor to ealculate the coefficient of expansion. That is, we have two 

ec,nations V,.„ = V„ (1 + lOOa), 

V,=V„(l+ot). 

witli two unknown quantities. 

Divide tlic first by the second, then 

‘V. 1+fld * 

which gives 

Vioo “ V» 


a = 


100V1-/V100’ 


from which tlie value of a may be calculated. 


THE CONSTANT VOLUME AIR THERMOMETER 

When a definite mass of gas is enclosed in a vessel the volume of 
wliich remains unchanged, the pressure exerted by the gas on the walls 
of the vessel increases as the temperature is raised. The relation be- 
tween the pressure and the temperature of the gas may be examined 
by means of the apparatus known as the constant volume gas ther¬ 
mometer due to Jolly (1874). 

The gas is contained in a glass globe A (Fig. 174) which may be heat^ 
to anv tlesired temperature by the bath of water, or oU, m which it is placed. 
The globe is connected by a glass tube of small bore with a merciwy mano- 
motor for measuring the pressure. The manometer consist of two fairly 
wide glass tvibes BD and EC connected by a length of rubber tubing. It 
contains sufficient mercury to fill the rubber tube and some P^t of the 
wide glass tubes. The level of the mercury in BD can be adjusted by 
raising or lowering the glass tube EC until the meniscus ji^t touches the 
tip of a little glass index fixed inside B near the junction of the wide and 

narrow tubes. . . 

In using the apparatus, the mercury meniscus m BU must occupy 

this definite position, in order that the volume of the gas enclosed in the 
globe A and the narrow tube may remain constant. The pressure exe^d 
by the gas is equal to that at the level of the mercury surface at B. This 

> Strictly speaking, there is an error due to the saturated water vapour in the flask. 
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prossviro is fouiiil by rnensurinp the difference in level between the surface 
of tlie mercury at and that of the mercury in EC, ami takinji info account 
tlic pressure of the atmosphere on the mercury at E. The atmospheric 
pressure at the time when the observations are made, must be found by 
reading the height of tlie barometer. 

Three points in connection with the use of tlie apparatus reijuire 
to be eraiihasised :— 

I. In order to determine the difference in level of the mercury surfaces 
accurately, the apparatus must be so arranged that the tubes C and D 
are quite close to the scale used in measur¬ 
ing the level. 

II. The determination of the pressure 
must bo made while the temperature of 
tlie gas is constant. Great care utii^t be 
taken to keep the bath in which A is im- 
mersed at a steady tcmpercUnre while EC 
is being adjusted, and the reading of the 
difference of le\'el of the mercury' surfaces 
is being made. Tins can be done more 
easily when the temperature is falling than 
when it is rising, so that it is advisable 
to heat the bath to the highest temperature 
to be used in the experiments and then 
allow the bath to cool slowly. As, how¬ 
ever, this takes a consiilorable time, the 
bath may be heated to one or two degrees 
above any desired temperature and then 
the heater removed. The water is now 
stirred thoroughly until it lias cooleil to 
tlie temperature desired. The adjustments 
are made approximately while the water 
is cooling, are brought rapidly to their 
exact value, and the rcatling is taken when 
this temperature has been reached. The 
whole bath is then Iieated rapidly to a 

little above the next temperature desired, i74.-Joliy« ConsUnt Volume Goa 
when the same process is repeated. Thermometer 

The success of the experiment depends 
on the temperature of the gas inside the bulb being exactly the same os 
the temperature of the bath outside, and upon this temperature being 
determined accurately. 

III. When the bath is allowed to cool, great care must he taken that the 
mercury in BD is not drawn over into the bulb A in consequence of the 
reduction of the pressure of the gas. To prevent this, lower the tube EC 
so that the mercury in BD may be well below the top of the tube. When 
the experiment is completed the tube EC must always be lowered m this way, 

Expt. 161. Variation of the Pressure of a fixed Mass of Air with the 
Temperature as shown by a Mercury Thermometer when the Volume is 
kept constant.—Use a water bath to heat the bulb of the air thermometer, 
and a mercury thermometer to take the temperature of the water bath. 
Heat the water to the boiling point, and w'hen the temperature has 
become steady, read the thermometer, adjust the mercury in the mano¬ 
meter, and read the level of B and E. Then lower the tube EC as 
described above and allow the temperature to fall about 20°, and again 
take readings of temperature and pressure. Take a series of readings in 
this way, allowing the temperature to fall about 20° between consecutive 
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rra,lines Or the ndjn.stmcnts to the diflerent temperatures may he 
m;;;!: rais.„g the ten.perature, if tim precautmna ment.oned m 

II Hrv taken, the final temperature being 100 C. 

Record tiie results ns follows :— 

Height of Barometer^ . • . 

Level of Index Mark at • • • 


Tciii|>ornturu 

Lovcl of K 

1 

L 

1 


Dineretirr of l>cvcl, 
E-B 


Pre^^urtj A 


The relation between the pressure of the air and its temperature must 
now be represented praphieallv. taking the pressure as the ordinate and 
the tompernture as the abscissa. The points so obtained should 
on a straight line. Draw a straight line pa-ssing through the points so that 
there are about as many points above tlic line as below it. 
line which may be taken to represent an average of the experimental 
n-siilts, the pressures corrcspomlirig to two chosen temperatures ^ and 
Let tlu’se pressures be pi and pj. 

Tlien. if a denote the cocfiicient of increa.se of pressure of a gas ^Mth 
temperature, we may write 

Pi + 

We cun eliminate Po by dividing one equation by the other, and so obtain 

Pi _ 1 i- oti. 

Pi l + o/. 

Solving for « we get 

a = . 

Plt2 ~ P2t\ 


C’nlculato the value of a by means of this equation. 

We may, if wc please, select as the chosen temperatures t, = 0 C. and 
f.= 100'’ C. Fiiul from the graph the corresponding pressures p, and p,oa, 
an<l calculate a from the equation 

To rlo this the graph must be extended beyond the lowest temperature 
used, the pressure p^ being obtained by extrapolation. 

Expt. 1C2. Determination of the Temperature of the Melting Point of 
a Substance by means of the Constant Volume Air Thermometer. In this 
experiment no mercury thermometer is to be used, but the scale of 
temperature defined by the constant volume air thermometer is to be 
employed. First determine the ‘ fixed points ’ of the thermometer. 
Determine the lower fixed point by observing the pre^ure of the air m 
the bulb when the surrounding bath contains melting^ ice. Let this 
pressure be p®. Determine the upper fixed point by observing the pressure 
of the air in the bulb when at the boiling point. Strictly speaking, it 
would be necessary to surround the bulb with steam from pure water 
boiling under standard pressure to obtain this point accurately. For the 
present purpose it will suffice to surround the bulb with boiling water in 
the water bath, let the corresponding pressure be Pn>o* 


Then 


Pio(» = Po(l + “iOO)‘ 
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The vahie of n can thus be found by tlirect experiment. 

Now a<ljust llie temperature of the water in the water bath till it is 
etiual to that of the melting point of the soli<l. For this purpose a ^>*^1^11 
quantity of the solid may Ih* placet! in a thin-walletl test-tube, which 
may be'iminei-sed in tlie water bath. Head the pressure }, corresponding 
with this temperature. 

Tlieii on the scale of the constant yolume air thermometer wo have 


p =/)o( I -t- a/), 

where t is the temperature to be determined, and a has the \n!ue alreatly 
found experimentally. 

Calculate the temperature t from this equation. 


A process is said to be isothermal, when it takes jilace at consianl 
temperatiire. 

The results of experiments on gases expressed in tlie law.s of Boyle 
and t)f Charles may be combined in tlie single expression 

PV = RT, 

where P denotes the pressure, V the volume of a given mass of gas, 
aiKl T is the absolute temperature, or the temperature reckoned from 
273® C. below the freezing point on the centigrade scale. 

The temperature of the ice point on the absolute or Kelvin scale is 

273® K, or more accurately 273 16® K. 

R is a constant generally known as the gas constant. 

This expression should be employed in dealing with calculations 
with regard to gases, except when the gas coefficient a has to he deter¬ 
mined from experimental observations. 

If unit mass of gas be considered, V*=l/p, where p is the density 

of tlie gas, and the gas equation may he written 

P/p = RT. 


In this equation R is the gas constant reckoned for 1 gm. of gas. 

The CTam-molecule (or the mole) of any sub.stance is a mass of that 
substance containing as many grams os there arc units in tlie molecular 
weicht of the substance. The volume of one gram-molecule of gas at 
normal temperature and pressure is 22415 c.c. The atmospheric pressure 
corresponding to 7G0 mm. of mercury at 0° C., lat. 45 . and sea level is 
1,013.200 dynes per sq. cm. Hence the gas constant for 1 mole or 1 

gram-molecule is 

to 

1013200 X 22415 
“ 273-16 


= 8-314 X 10’ erg. dcg.*^ gm.-mol,-^ 

= 1-987 cal. deg. * gm.-mol. * 

To find R for 1 gram of a gas, this figure must be divided by the mole¬ 
cular weight of the gas. 
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§ 1. Measurement of Quantities of Heat 

The subject of calorimetry deals with the measurement of quantities 
of heat The unit quantity of heat is that quantity which is required 
to raise the temperature of unit mass of water one degree. The unit 
iieneially employed in scientific work is the calorie, which may be 
defined as the quantity of heat required to raise the temperature of 1 gm. 
of water 1® C. at some specified temperature. This quantity is^nearly. 
but not exactly, tlie same at different temperatures, between 0® C. and 
100° C., for example the 15® calorie is about 1 part in 1000 greater than 
the 20®' calorie. In what follows these small variations will be ignored. 
The number of calories required to raise the temperature of m gm. of 
water from C. to C. will then be 

A certain quantity of heat is required to raise the temperature of 
a body 1® C. — this quantity is called the thermal capacity of the body. 
The quantity of water which requires the same amount of Iieat as a 
certain body to raise its temperature 1® C. is called the water equivalent 
of the body. The water equivalent in gratns is numerically equal to 

the thermal capacity in calories per ® C. 

If the water equivalent of a body be w gm., then the heat required 

to raise the temperature of the body from fi® C. to C. is 

H =ic(f2 -fi)- 

The thermal capacity of unit mass, or the specific heat, of a substance 
is the number of calories required to raise the temperature of 1 gm. of 
the substance 1® C. If the specific heat of a substance be denoted by 
s calories per gram per ® C., or s cal. gm. (° C) the heat required 
to raise the temperature of m gm. from t^® C. to fj® C. is 

This is the fundamental equation in connection with the measurement 
of quantities of heat. 

Comparing this with the preceding equation, we see that the water 
equivalent w = ins. Hence the water equivalent of a body can be 

286 
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caloulate(\ as the product of tlie mass of the body and the specific 
heat of the sulistance. 

In some branches of science it is convenient to tise the kilogram as 
the unit of mass aiul the corn-sjuunling tlurmal unit, the large calorie, 
or kilogram calorie, wliich is 1000 times as large as tlie gram calorie. 

In the measurement of (piantities of lieat by making observations 
of changes of temperature, that is in thermometric calorimetry, a 
principle of “ conservation *’ is employed. This may be expressed in 
the statement: 

HEAT LOST by hot bodies = HEAT GAINED by colder bodies. 

Tliis principle, must, however, be applied with care, as in dealing 
with so-called Latent Heat, and the production of heat by mechanical 
processes. 

CALORIMETERS 

A vc.ssel adapted for the measurement of quantities of heat is tornied 
a calorimeter. It should be arranged so as to avoid, as fav as |)ossiljle, 
transference of heat to or from external bodies. Such transference cun take 
place by conduction, convection, or radiation. To avoid conduction of 
beat the calorimeter is supi)oited by some bad conductor of lieat, such as 
felt, cotton wool, cork, or ebonite. To avoid convection currents, tlie vessel 
is sometimes packed in cotton wool or surrounded by a vacuum jacket. To 
prevent transference of heat by radiation, usually the calorimeter is sup¬ 
ported in an outer vessel, the outside of the inner vessel being brightly 
polished to diminish the emissivity. and the inside of the outer vessel being 

polished brightly to increase the reflecting power. 

A Dewar’s vacuum vessel (thermos flask) is a convenient calorimeter 
for some experiments, but as the glass does not all acquire the same 
temperature, there is some difiiculty in deciding what value to take os its 
tlierinal capacity. See, however, p. 296. 


§ 2. DETERmNATION OF THE SPECIFIC HEAT OF A SOLID 

ExPT. 163. Simple Methods of determining the Specific Heat of a 

Solid_A known mass of the solid is heated to a definite temperature 

and then placed in a known mass of water at the temperature of the 
room The solid and the water finally attain a common tempeiatui-e, 
which is observed. The specific heat of the solid can then be calculated. 

The solid should be weighed first of all, so that the other weighings 
can be carried out while the solid is being heated. If the solid is a lump 
of metal, attach to it a fine threat! or wire, and lower it into a can of 
water which can be heated to the boiling point.* If the solid is in frag¬ 
ments (e g. lead shot or brass filings) place the fragments in a test-tube 
of glass or thin metal plugged with cotton-wool and heat this in the 
boiling water. The solid must be heated for a sufficient time to reach 

U'liile the solid is being heated, weigh a calorimeter (with its stirrer) 
aiid weigh it again when about half full of water. Observe and record 
the temperature of the water to 0 1* C. 

> Simple forms of heater are now available which avoid contact between the solid and boiling 
or stoam* 
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When the terniK-rature of the solid ha^ readied that of ^'^^8 

cidoi imeter amf observe carefully the highe.st temperature recorded by 
fh.' tlierrnometer. In the case of the solid lump, a small quantity of 
water is unavoidably transferred to the calorimeter "'hen the luinp is 
liftCl by the thread and placed in the latter vessel ; and this introduces 

a serious error. 

The fullowing example (in which eimple .!!!' illuetratee 

the method of entering the observations and calculating the result . 

LVaiMTiie.—Determination of the specific heat of lead shot. 

Mass of lead shot = 

Mass of calorimeter and stirrer = ‘•d-O gm. 

Mass of calorimeter, stirrer, and water = 252-2 gm. 

Mas., of water = 

Initial temperature of shot - 

Initial temperature of water. /, - [o O L. 

Final temperature of water and shot, ti- 17-J C. 

We assume that the heat given out by the solid in cooling from 100* C. to 
the final temperature t, is exactly equal to the heat taken in by the water and 
the calorimeter when their temperature rises from t, to 

If .1 is the specific heat of the solid, the heat it gives out is 

200 X s X (100-<a) calories. 

The ‘ water eiiuivalent ’ of the calorimeter is equal to its mass multiplied by 
the specific heat of the material (0 095 say) 

= 40 X 0-095= 3-8 gm. 

The total water equivalent (including both calorimeter and water) 

= 212-2-h3-8 gm. 

= 216 gm. 

The heat taken in by the water and the calorimeter 

= 216 X (17-3 - 15) 

= 496-8 calories. 

Wo next write down an equation expressing the fact that the heat given out 
by the solid is equal to the heat taken in by the water and the calonmeter. 

200 xs x(100 - 17-3)= 496-8 
3= 0 03 calories per gm. per 1* C. 


REGNAULT’S APPARATUS 

For the accurate determination of the specific heat of a solid an 
apparatus of the type designed by Regnault may be employed. The chief 
points kept in view in the design of this apparatus were the heating of the 
solid to a fixed temperature without contact with moisture, the rapidity 
of transference from the heating chamber to the calorimeter, and the 
protection of the calorimeter from the heating chamber during the other 
parts of the experiment. 

The solid at A (Fig. 175) is heated inside a double-walled steam jacket, 
through which a current of steam is passed from a boiler. The boiler and 
the outlet pipe must be arranged so as not to radiate heat to the calori¬ 
meter C. which is shielded from the steam heater by a sliding wooden 
shutter D. While the solid is being heated the upper end of the chamber 
is closed by a cork through which passes a thermometer reading to 100® C., 
and the lower end is closed by part of the wooden platform E. The solid, 
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which shouhl be placed in contact with the bulb of the thermometer, i^ 
suspeiuled by a fine tliread held in position by the cork. In the ease of a 
metal it is convenient to use a wire bent into the form of a helix. 

Expt. 164. Kegnault's Apparatus for the Specific Heat of a Solid.— 
As it requires a long time for the solid to attain a steady tempeiaturo. 
the first operation, after arranging for a supply of steam, .should be to 
weigh the solid and to su-spend it in the heating chainber. riien the 
inner vessel of the calorimeter shouKl be weighed, and filled about three 
parts full of water, after which it is weighed again to determine the ma.ss 
of the water. It i.s then placed in po.sition in the outer metal vessel, 
which is further protectetl by 
the woollen box. A sensitive 
thermometer is lused to de¬ 
termine tlie temperature of 
the water in the calorimeter 
a.s accurately as possible. 

The solid should be allowed 
to remain in the heating 
cliamber for at least five 
minutes after the temperature 
nhoivn by the thermometer in 
the chamber has become steady. 

The whole process of heating 
the solid will take probably 
from twenty to thirty min¬ 
utes after steam has com¬ 
menced to pa.ss. 

\Vhen this steeply tem¬ 
perature has been recorded, 
the heating chamber is swung 
round till it comes above the 
liolo in the platform E. The 
shutter D is raised, and the 

bo.K F containing the calori- , , , ^ 

meter is pushed into po.sition so that the inner vessel of the calorimeter 

is exactly underneath the hole in the platform. The solid is lowered 
auicklv into the calorimeter without .splashing, the box F is withdraw n, 
and tiie shutter is lowered. The temperature of the calorimeter is 
observed carefully and the highest temperature reached recorded. In 
an accurate determination a cooling curve w'ould be plotted m on er 
to determine tlie correction necessary to allow for loss of heat by 

radiation (p. 291). 

From the observations the specific heat can be calculated exactly os 
in the simpler experiment on p. 288. 

Let >n = the mass of the solid. 

s - the unknown specific heat, 
c = the mass of the calorimeter. 

M = the mess of water in the calorimeter. 

8 = the specific heat of the material of the calorimeter. 
t = the temperature of the hot solid. 
t = the initial temperature of the calorimeter. 

= the final temperature of the calorimeter. 

Then the heat given out by the solid in cooling from t to 

= ««(/ -1,). 
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The iK'rtt takrn in by the water a.ul the calorimeter in changing in 
tornperatiire from /i to t, 

^ (M4 rj{,)(/2 - ti). 

AKSuming these quantities of heat to be equal, 

- It) = (M +<‘^i)(^2 " ^i)’ 

an equation from tvliicl. tl.e valne of a can be rletennin^. 

The student should not attempt to remember an erpiation of this kind, 
but should obtain the result in any particular cose from first principles. 


§ 3. Determin ation of the Specific Heat of Liquids 

'I'he specific heat of a liqui.i may be determined by the method of 
mixtures in several ways. 

Expt. 105. Determination of the Specific Heat of a Liquid, using a 
Solid of known Specific Heat.—The solid must have no chemical action 

This'determination i.s carried out in exactly the same manner as that 
of the specific heat of a solid (Expts. 103 and 104), using the given 
ii(|uid in place of water in the calorimeter. 

Let St tlenoto the specific lieut of the liquid, M its mass, then 

wi«(f - /j) = (Mst+csi)(/* - L). 

where the other symbols have the meaning previously assigned to them. 

Exi’T. 100. Determination of the Specific Heat of a Liqmd by Reg- 
nault’s Method.—The specific heat is determined by running the hot 
liquid into a thin-walled metal vessel placed in the water in the calori¬ 
meter. or conversely by running hot water into a thin-walled metal 
vessel placed in the given liquid in the calorimeter, bince the mixture 
of two liquitls at the same temperature often results in the evolution of 
heat through chemical action, the two liquids should not, as a rule, be 
brought into direct contact. 


Expt. 167. Determination of the Specific Heat of a Liquid by the 
Method of Mixtures.—A more convenient method is to heat the liquid 
in a small thin-walled glass bottle, or metal cylinder,* closed by a cork 
through which pas.ses a tliennometer. The lieated bottle, after its 
temperature has been detennined, is transferred to the calorimeter. 
The bottle, held by the stem of the thermometer, may be used as a stirrer. 
A second thormorneter is usetl to detcrriiine the temperature of the water 
in the calorimeter. The final temperature is taken as the mean of the 
readings of the two thermometers when they differ by only one degree- 
or less. The water equivalent of the vessel containing the liquid must 
of course be taken into account, as well es the water equivalent of the 
calorimeter. 


E.xpt. 168. Determination of the Specific Heat of a Liquid by means 
of the Calorifer.—The calorifer resembles a mercury thermometer with a 
large bulb. There are, however, only two marks on the stem. By heat¬ 
ing the calorifer in boiling water the mercury rises above the upper 
mark. The calorifer is removed from the boiling water, dried, and placed 
in a weighed quantity of liquid in the calorimeter at the instant when 

* Thm-wallcd aluminium cylindera are obtainable which are suitable for this purpose. 
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the mercury readies the upper mark. It is left in the calorimeter till 
the mercury' sinks to the lower mark, when it is at once removed. The 
rise of temperature of the liquitl in the calorimeter U measured by a 
sensitive thermometer. The same operation is then repeated, using a 
known weight of water in the calorimeter. Since exactly tlio same 
quantity of heat is transferretl by the calorifer to the calorimeter in the 
two experiments, it is easy to calculate the specific heat of the liquid. 
Tlie method of calculation is left as an exorcise for the .student. 

A description of the determination of the sjiecific heat of a liquid by 
the method of cooling will be found on p. 300. 


§ 4. MkTIIOI) of CORRECTINC5 CaLORIMETRIC OBSERVATIONS 

FOR Radiation 

For accurate calorimetry, the calorimeter should be enclosed in a 
double-walled metal vessel, between the walls of which water is placed. 
B\' this means, the calorimeter 


is enclosed in constant tempera¬ 
ture surroundings, and the 
rutliation may be assumed to be 
proportional to the difference 
between the temperature of the 
calorimeter, and the temperature 
of the surroumiing enclo.sure. 

The temperature of the ca¬ 
lorimeter is taken every 30 
.seconds before and after the 
experiment as well as during 
the experiment itself, and a 
curve showing the temperature 
vai iation with time is plotted. 

At the highest temperature 
reached, the rate of fall of 
temperature is determined from 
the curve ; let this be x degree.s 
per minute, the highest tempera¬ 
ture being t degrees above the 
surroundings. 

Divide the cur\'e into one- 
minute intervals, starting from 
the instant when the hot body 
\vas dropped into the calori¬ 
meter, and take the temperature 
at the middle of each of thc.se 
inferv'als a.s the mean tempera¬ 
ture during that minute. Let 
the.se temperatures be re.spec- 
tively ti, /„ <3 degrees above 
the temperature of the enclosing 
vgssgI • 

During the first minuto, heat was lost corresponding with 
temperature excess of Ci degrees. If this heat had been retained, the 
temperature at tlie end of the first minute would have been higher than 

X 

the temperature actually reached by aa amount Xj = 



Fio. 170.—Correctiou Curve 
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l),„inK ll.« second ini.n.le the I.eat lost wonl.l correspona with ft loss 
of tfiii|>iTatiiro J'i 

Thr ton>p.-ratun> at the end of tl,o first minute is x, deproes J^o low 
durm" tlu. sU.n.l minut<* there is a further loss of x, <legrees. so that the 

t.mi.(‘ia(ure at the end of the second minute is •* »+f* 

tlue (o the cooling in the two minutes which have elapsed since the hot bod. 

"*'ymu'huV^^th^ correction to be a<l<lcd at the end of the third m^ute is 
r I X s X And so on. Bv adding on those corrections to the curve piotte^. 
a’ncvr c.nwe will be obtailied. giving the temperatures that won d jave been 
reaclieil if there had been no railiution losses ; this curve ni l be 
at tlie end of the expeiimont, the ordinate of the horizontal poition being 

tlu^ «»orroctcd tefnr)erat ure. , 

If desired, half■unwnio intervals may be taken, the correction being 

udiied on every half-minute instead of every minute as described. 


§ 5. Latent Heats 

DETERMINATION OF THE LATENT HEAT OF WATER 

Latent Heat of Fusion of Ice,—The quantity of heat required to 
change one gram of ice from the soUd to the liquid form without change 
of temperature is called the latent heat of water, or the latent heat of 

fusion of ice. 

When small lumps of dry ice are added to a known mass of water 

in a calorimeter the ice is melted, becoming water at 0‘^C., and the 

ice-cold water abstracts heat from the warm water and calorimeter, 

until an equilibrium temperature is reached. 

If the calorimeter at the commencement of the experiment is at the 
temneratnre of the room, it will be cooled below that temperature by the 
luldition of ice, and so will be gaining heat by radiation throughout the 

experiment. ^ * i • a 

To uvoUl error clue to this cause, it is advisable to warm the calorimeter 

and tlie contained water to about 5'’ above the temperature of the room, 
aiul to a«ld .sunicient ice to cool it through the .same number of de^eea 
below the temperature of room. The loss of heat dxiring the first h^l* 
the experiment will then about balance the gain during the second half, 
proN’idod the second half of the experiment does not require much longer 
time tiian the first half.‘ 

Expt. 100. Determination of the Latent Heat of Fusion of Ice.—First 
weigh the calorimeter with the stirrer. Introduce from 100 c.c. to 200 c.c. 
of water and weigh again. 

The difference between these two weigliings gives the mass of water 
in tlie calorimeter. 

Warm the calorimeter to about 5° above the temperature of the 
room, by placing it in a vessel of hot water. 

* This method of avoicUag error cannot bo applied aatUfactorily if the temperature of the room 
very low, or if, aa sometimes bapf>cnf^ in tropical couutrice, the cooling would result in the tem¬ 
perature being reduced much below the dew* points In such coses it would be preferable to start 
with the tom{>crature oImtc that of the room, and finish when the temperature U about the same 
as that of the room, applying a correction for the heat lost by radiation by the method on p. 291. 
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Dry the outside of the calorimeter, nnfl T)laee it in a larger copper 
\'Ossel, suppoi'ting it on felt, cotton wool, or cork so as to avoid trans¬ 
ference of heat by conduction. Observe to 0 1 C. the temperature of 
the water with a sensitive tliermometer. 

Dry some small pieces of ice by means of a cloth or blotting pajier 
and add them gradually, keeping the water in the calorimeter stirred. 
Continue adding the ice until the temperature has fallen about 5 below 
the temperature of the room. Observe to 0 1® C. the lowest temperature 
reached after all the ice has melted. 

Weigh the calorimeter again, and find the mass of ice ad<le<l. 

The following example (in which simple numbers have been chosen deliber¬ 
ately) illustrates the method of entering the observations ami calculating tbo 
result :— 


Example.—M ass of calorimeter with stirrer 

pt «« ** 


and wafer 


water 

calorimeter and water anil ice 


TeinperatJire of room 

Initial temperature of water, I,® 

Final „ .. 


— 40 0 gm. 

-- 240-0 gin. 
^ 200-0 gm. 

- 202-0 gm. 
= 22-0 gm. 
= 15-0 (’. 

= 20-0 ('. 

= 10-0 C. 


We have to express the fact that the heat given out by the water and calori¬ 
meter in cooling from /, to I,® is equal to the heat required to melt the ice and 
raise the temperature of the water produced from 0‘ to I,'' C. 

The ‘ water e<juivalent ' of the «-alorimetcr (iiudmling the stirrer) is equal to 
the mass of tlie calorimeter nuiltiplieil by the specific heat of copper (0-095) 

= 40 X 0-095= 3-8 gm. 

Heat given out by water 

= mass of water x fall in temperature 
= 200 x(20‘ - 10®) 

= 2000 units of heat, calories. 


Heat given out by calorimeter 

= water equivalent of calorimeter x fall in temperature 
= 3-8 X (20® - 10°) 

= 38 calories. 


Total amount of heat given out 

= 2038 calories. 


Heat required to melt 22-9 grams of ice 

= 22-9 X L calories, 

whore L is the latent heat of water, that is, the number of calories required to 
molt 1 gram of ice. 

Heat required to raise 22-9 grams of water from 0® to Ij® 

= 22-9 X Ij® calorics 
= 229 calories. 

We write down an equation expressing the fact that the total amount of 
heat given out = total amount of heat absorbed ; and from this equation find 
the value of L. 

Thus 2038 = 22-9 x L 4- 229 

22-9 L= 1809 

L= 79 heat units on the centigrade scale per gram of ice 
= 79 calories per gram. 
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determination of the latent heat of steam 

Latent Heat of Steam.—The latent heat of steam, or the latent heat 
of vaporisation of water, is the amount of heat required to convert 1 gm. 
of water into steam without change of temperature under a specified 


pressure. 

When steam from a boiler is passed through a known mass of water 
in a calorimeter, some of the steam is condensed and the final tempera¬ 
ture of the water is raised 
above its initial temperature. 
From the observed rise of 
temperature and the mass of 
steam condensed, the latent 
heat of steam can be calcu¬ 
lated. The particular tempera¬ 
ture concerned should be stated. 

It the water in the calori¬ 
meter is at the temperature of 
the room at the beginning of 
the experiment, it will lose heat 
by radiation as soon as its 
temperature is raised above that 
of surrounding objects. This 
would tend to give too small a 
value for the latent heat. 

The error due to this cause 
may be reduced by commencing 
theexperiment withtlie tempera¬ 
ture of the water as much below the temperature of the room ^ it is 
above the temperature of the room at the end of the experiment. The 
error may also bo diminished by making the duration of the heatmg as 
short as possible. For this purpose the steam should be made to issue 
from the nozzle in a rapid stream. A screen may be placed between the 
boiler and the calorimeter to prevent radiation of heat (Fig. 1 '/)• 

To obtain an accurate result the steam must be dry, that is, free from 
condensed water. A well-designed water trap may be used to remove 
as much of the condensed water as possible. The rubber tube connecting 
the boiler to the water trap should be short: it may be lagged with cotton 

The importance of having the steam dry will be realised from the fact 
that carrying over 1 gm. of water with the steam introduces an error 
equivalent to about SOO calories. 



Expt. 170. Determination of the Latent Heat of Steam.—First see 
that the boiler contains a sufficient quantity of water, then begin to 
heat it by means of a gas-burner. 

The calorimeter is made in two parts, an inner and an outer vessel. 
Weigh the inner vessel, and fill it about two-thirds full with water. 

Add small pieces of ice till the temperature of the water has fallen 
to about 5° C. Then weigh the inner vessel with its contents accurately. 

Note the temperature of the room and again read the thermometer 
in the calorimeter. Estimate the temperature at which the experiment 
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ought to be finished. For example, if the temperature of the room is 
15"' C., the final temperature should be about 25 C. 

In this experiment the nozzle must not be immersed m the water : 
it should be placed with its end only the slightest amount below the 
surface, so that the water surface is blown away from the end ot lli.‘ 
nozzle and the steam merely plays on the water surface. If the nozzle 
is put right down into the water the steam may condense too rapidly, 
wlien tlie water will be siickicl vip into the steam tra|) and the ^^holo 
experiment spoiled- No error is introduced by escaping steam; the 
steam which escapes does not cond<‘nse in tlio water, so that its latent 
lieat is not given up, nor is its mass included in the mass of steam 

comlensed. , . , , . 

Remoye any water drops adhering to the nozzle of the delivery- tube 

after the flow of steam has commenced. Pass a rapid current of steam, 
at the same time thoroughly stirring the water so as to ensure uniformity 
of temperature. When the temperature has risen to the desiretl point, 
remove the calorimeter as quickly as possible from the neighbourhood 
of the boiler, and observe the highest tempernturo rocordctl by the 


thermometer. . , 

^\’eigh the calorimeter again in order to ilctermme tlic amount ol 

steam condensed. 

Read the height of the barometer. 

For the standard pressure 71)0 mm. the temperature of steam is 
100° C. Near this pressure an increase of pressure correspon<ling fo 
20-8 mm. of mercury raises the boiling point one ilegree C., and for 
small changes the rise in the boiling point is proportional to the change 
in pressure. Hence the temperature of steam corresponding to the 
observed pressure may be calculated. As, however, the temperature thus 
found differs but little from 100° C., the error introduced by taking the 
temperature of the steam as 100° C. is inappreciable compared with other 
unavoidable experimental errors. 


Enter the results as follows :— 

Mass of calorimeter 

calorimeter and water 
water 

calorimeter and water and steam 
steam condensed 

Initial temperature of water /i° C. 

Final temperature of water C. 
Barometric height 
Temperature of steam T° C. 


= 160-0 gm. 
= 084-2 gm. 
= 524-2 gm. 
= 704-4 gin. 
= 20-2 gm. 
= 6-2° C. 

= 28-6’ C. 
= 758 mm. 
= 100’ C. 


Calculate the ‘ water equivalent ’ of the calorimeter. The total water 
eonivalent is obtained bv adding the mass of water in the calorimeter to 
the water equivalent of the calorimeter. If this is multiplied by the rise 
of temperature, /j° - t,°, we obtain the amount of heat absorbed by the 
calorimeter and the water in it. This is expre.^sed in calories. 

Now consider the heat given out in condensing the steam and in lower¬ 
ing the temperature of the resulting water. 

Heat given out in condensing the steam 

= mass of steam condensed x L 
= mass of condensed water x L 
= 20-2 gm. X L. 

Heat given out in lowering the temperature of the resulting w’ater 
from T° to <|° 

= mass of steam x (T - t,) 

= 20 2(100 - 28-6) calories. 
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As^nmiiip tlmt there is no loss or gain of heat by radiation, the sunti 
of tlieso two quantities must equal the heat absorbed by the calorimeter 

This gives a simple equation from which L may be determined. 
Water Equivalent of a Dewar Flask 

Tills method of fimling the water equivalent of a Dewar 
to J)r L. F. Richardson. The directions apply to a pint size (half htro) 

flask. Take the temperature (t,) of a known 

cold water. Fill the flask about three-quarters full w’lth hot water and 
close with a well-Htting cork through which a thermometer passes. Turn 
the fla.sk uiiside down and roll the water round inside it to ensure uniform 
temperature throughout the interior. Accurate results depend on the (»re 
with which this is done. Note the temperature f,. Pour away the hot 
water and quickly pour in the knowm quantity of cold water. Replay 
the cork, ami. after again shaking, observe the resulting temperature f,. 
From the above data the water equivalent of the flask can be calculated. 
The flask may be used for determining the latent heat of water or that 

of steam. 
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COOLING 

§ 1. The Law of Cooling 

When a hot body is placed in an enclosure kept at a constant tem¬ 
perature, the temperature of the hot body will fall till at length it 
becomes equal to that of the enclosure. If the body be supported in 
such a way that the transference of heat by conduction can be neglected, 
the cooling process will be due partly to radiation and partly to con¬ 
vection. If the effect of convection currents be eliminated, as by 
carrying out experiments in a vacuum, the total radiation emitted per 
second is found to be proportional to the fourth power of the absolute 
temperature. This is kno^^'n as Stefan’s Law. 

It must be rememberer! that tho enclosure is also emitting radiation 
at a rate proportional to the fourth power of its own absolvite temperature. 

In the ordinary case in which a hot body cools in air at atmospheric 
pressure, the rate of cooling is found to be proportional to the difference 
between the temperature of the body and that of its surroimdings. Tliis 
is known as Newton’s Law of Cooling. Recent experiments have shown 
that the law is approximately true within fairly wide limits of tem¬ 
perature, when the cooling takes place both by convection and by 
radiation. 

ExPT. 171. Determination of the Rate of Cooling at different Tem¬ 
peratures.—To illustrate Newton’s law of cooling, support a small thin- 
walled metal vessel inside a larger one,* in such a way as to reduce as 
far as possible transference of heat by conduction. Nearly fill the .small 
vessel with hot water at a temperature of about 80® C. Take readings 
of the temperature of the water at intervals of half a minute until the 
temperature has fallen to within about ten degrees of tlic constant 
temperature of the surroundings. Plot a graph with the temperatxire 
as ordinate and the time as abscissa, taking care that the curve is drawn 
smootidy through the observed points (Fig. 178). Thi.s cooling curve 
will be steep at first, but will become less steep as the temperature 
approaches that of the room. Draw a horizontal line on the squared 
paper to repre.sent the temperature of the room (here assumed constant), 
or of the enclosure. 

To find the rate of cooling, or the rate of change of temperature, 
at any particular temperature corresponding to a point P on the graph, 

‘ As the tempernture of the room may vary, it is advisable to enclose this in another still larger 
and fill tho space between with water. The small vessel containing the hot water should be closed 
(Fig. 180). 
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of th«' curve at tlie point. , , , • *1 

slope of this line, that is, the tan¬ 
gent of the angle ABC or d. 
Measure the length-s AC and C15, 
and calculate tan 6, which is eciual 
to AC/BC. The difference between 
the temperature of the body and 
that of the room is represented by 
PN. Determine this difference of 
temperature. 

Then according to Ne\vton s law 
of cooling, tan 6, the rate of cooling, 
should be proportional to PN, the 
difference of temperature. That is, 
since tan 6 oc PN, tan d = aPN, or 
tan d/PN = A', a constant. This as¬ 
sumes the temperature of the room 
or enclosure constant. 

Determine this quantity for at 
least three points on the graph, 
selecting the points so as to repre- 



Room ^ ^ 
Temperature 


Time 

Pk; 178.—Katr of Cooling 


sent fairly different portion.s of the complete curve, and notice whether the 

'^^^'phid the difference between the greatest and the least value of the 
rcsult.s obtained, ami calculate the j)ercentage difference. 

When one quantity varies with another in such a way that the rate of change 
of the fint quantity with regard to the second is proportional to the hrst quantity, 
then the variation is said to obey the logarithmic, or exponential, law 

Thus is the case when a sum of money accumulates at compound intere.t, 
but then the quantity i.s continually increasing while in the 

consideration the temperature of the hot body is continuall> J., 

we nlot the logarithm of the excess of temperature (above the room temperature) 
agnmst the time, the result should l>e a straight line. Students who have an 
elementary knowledge of the differential calculus may then verify Newtons law 
as follows! If the graph in question is a straight line 

log E - log €= at, 

where e. is the excess at time I, E is the initial excess when 1= 0, and a is a constant. 
Differentiating, 

1 dc de 


e dl 


= a 


or 


di 


= a€. 


that is, the rate of fall at time t is proportional to the excess at this time t 


§ 2. Curve of Cooling when a Liquid solidifies 

In the last experiment, Newton’s Law of Cooling was illustrated 
by the cooling of a thin-walled metal vessel containing hot water. The 

* Since tnn d = PN/NB, Iao ^/PN» 1/NB. 

Uence if Un ^/PN is a couaUnt, NB must be a constant 

This gives a simple graphical method of testing the truth of the law. Measure the length of 
the line NB for the different points conaidored, and notice whether this length is approximately 
constant 
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results obtained in such an experiment are motlified in a characteristic 
way wiien the liquid in the vessel passes through the temperature at 
which solidification occurs. 

In the present experiment, a substance may be used liaving a 
melting point above the ordinary atmospheric temperature, but below 
100° C. For instance, naphthalene, stearin, or paraffin wax of good 
quality may be employed. If the substance at the beginning of the 
experiment is in the li(pud state, and the vessel is allowed to cool, the 
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temperature falls regularly until the point of solidification of the liquid 
is reached. Then, as each successive portion solidifies, it gives up its 
latent heat, and so prevents the temperature from falling. The tem¬ 
perature therefore remains approximately constant till the whole of 
the substance has solidified. From this time the temperature again 
diminishes regularly, till at length the solid reaches the temperature 

of the room (Fig. 179). 

EXPT. 172. Determination of the Melting Point by a Cooling Curve.— 
The small metal vessel containing the substance to bo examined is heated 
carefully by plunging it in a ve.sscl of hot water, till the whole of the wax 
has melte<l and reached a temperature of not more tlian 80® C. or 00® C. 

The small v’es.sel is then supported inside a larger, and readings of 
the temperature are taken at half-minute intervals. When the sub.stanco 
begins to solidify, it becomes necessary to leave the thermometer at rest 
in the centre of the solidifying mass, so that it is better not to stir in tins 
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expcririKMit. Continue reading the ternperature till it has fallen 10= 

or 15= below tlic melting point of the substance. t^^npraturcs as 

Pint >1 eurve with the times as abscissae and the temperatures as 

ordinate. Be erreful so to choose the scale that the curve covers 

nracticailv tlie whole of the sheet of paper. From the curve determine 

tlK' molting point of the substance, that is the temperature at which the 

curve first slmws n horizontal portion. 

When the substance is a mixture, there may be 
„(,ints indicated, or no sharp change may be observ^. The cheaper kinds 
of parafhn wax are mixtures of various members of the paraffin senes ''hich 
melt at iHfferent temperatures : the various constituents dissolve each other 
to a slight extent, and there may be no definite melting point. 

Super-cooling.—An interesting case of cooling Ls offer^ by sodium thio- 

sulphate, bettor known as ordinary photographic hypo . If tl^ ^ melted 

and a cooling curve taken in the usual way. the temperature will 

steadily for a con.skleruble time, obeying Jsewton s law of cooling. Sudden y 

solidili’eation will commence and immediately a corisiderable me of tempera- 

tnre will take place, the temperature rising to, and remauimg steady 

true melting point, until all the ‘ hypo has solidified. It 

monoo to fall again according to the ordinary law of cooling. The student 

sliould endeavour to formulate some theory as to the cause of the me ot 

temperuture when solidification begins. , ^ n i 

It may sometimes be observ^ed that the temperature has fallen to only 
a few degrees above atmospheric temperature and yet solidification lias 
not taken place. If the temperature falls to below 25= C. without solidifica¬ 
tion occurring, a crystal of solid ‘ hypo ’ should be dropped into the molten 
mass, the temperature being carefully observed the while. 


§ 3. Specific Heat of a Liquid by Method of Cooling 

The quantity of heat lost per second by a substance in given sur¬ 
roundings depends on the temperature of the cooling body, on the 
area it exposes, and on the nature of the surface exposed. The fall of 
temperature per second is equal to the heat lost per second divided by 
the thermal capacity of the body. 

When a quantity of liquid heated to some fairly high temperature 
is allowed to cool in a calorimeter placed in a constant temperature 
enclosure, a cooling curve can be plotted from observations of the 
temperature of the liquid taken at half-minute or minute intervals. 
The liquid can then be replaced by water, and a similar experiment 
carried out for the water. 

If we take identical ranges of temperature in the two cases, the 
average rates of loss of heal will be identical, though the average rates 
of fall of temperature will not. If the rates of fall of temperature are 
found from the curves in the two cases, then we can find expressions 
for the rates of loss of heat, and by equating these we can determine 
the specific heat of the liquid. 

Let M = mass of liquid used and S its specific heat, 

W = mass of water, 

m = mass of calorimeter, s its specific heat. 
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Then suppose that the temperature fulls from to in each case, the 
times taken for this to take place being when the liquid is useii, and /, 
with water. 

The average rate of loss of heat in the first case is 

( MS + r«s)(fl| - B2) 

and in the .second ca.se is 

(\V+ms)(gi - fl.) 

These rates are equal, hence 


MS + n«« 



From this equation S can be calculated. 

ExPT. 173. Determination of the Specific Heat of a Liquid by the 
Method of Cooling. I.—A double-walled vessel witli water bctiveen the 
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walls is useful os a constant temperature enclosure. ParafTin oil is a 
suitable liquid to employ in this determination. A small calorimeter of 
metal, with a lid pierced for a thermometer and a stirrer, is used to 
contain the liquid. It is important that the outer surface of the calori¬ 
meter should be in the same condition in the two parts of the experiment. 
It may either be highly polished or coated with dead-black varnish. 

Weigh the calorimeter. Heat some paraffin in another ves.sel to 
about 75® C. by dipping the vessel in hot water, and pour the hot paraffin 
into the calorimeter. Cover the calorimeter and place it in position in 
the enclosure, supporting it by a non-conductor of heat so that it does 
not come into contact with the surrounding vessel (Fig. 180). Read the 
thermometer at intervals of 1 minute as the temperature falls from 70° 
to 30° C., keeping the liquid gently stirred. The calorimeter must be 
removed and weighed at the end of the observations to determine the 
mass of paraffin. The same procedure must then be followed, using water 
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inst.Nul of paramii. taking caro not to alter the radiating surface in 

IMot\lie two eonling curves on squared paper taking temperature 
as ordinat<-s, times as abscissae. From the curves determine the number 
(,f sreoiids ictpiired for the parallin and for the \valer to cool ^lu-ough 
;;Ie ‘mac ra,u,l of temperatuVe (say from liG' to 30'^ C.). Calculate the 
specific heat of tlie porafnn from the fonnula given on p. 3U1. 

Sometimes two calorirnetei^ are msed. one containing water and the 
ottH>r the liquid (paraffin). If this is done, they mu.st be of the same metal 
(.Uuminium). have identical dimension.s and be polished 
are suspended at a little <H.stnnce apart in the same enclosure, ^x^pt for 
the saving of time in taking the cooling curves simultaneously, this method 
is not to be recommended, as it is impossible to ci^ure that the polling 
sin faces, even if eciual in area, shall be identical in poltsh. Tlio calorimeters 
used are small, and it is assumed that the temperature shown by the 
thermometer represents the temperature of the liquid \mthoiU ahmng. 

Let m, denote the mass of the first, »i, the mass of the second calori- 

meter. 


'I'hen 


Hence 


i. equal to 
ilS + _ W-j-miS 




t 


From this equation .S can bo calculated. 

Fxpt 174 Determination of the Specific Heat of a Liquid by the 
Method of Cooling. II.—Fill the space between the inner chamber B 
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and the outer chamber C with cold water, so that the inner chamber rnay 
form a constant temperature enclosure. No water is put into the inside 
of B as cooling from the two calorimeters A is to take place by radiation 
and convection in air. A vessel of hot water will be required for heating 
the two calorimeters. While this is being prepared weigh the empty 
calorimeters. Fill one calorimeter about two-thirds full with paraffin 
and the other with water. Support the calorimeters from the lid of the 
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enclosure by passing thormoinetei's tlirough nil)bor stoppei'S as in 
Fig. 181. Heat the calorimeters with tlu* <'ontainerl litjuid to about 
75° C. by immersing them in the vessel of hot water. IMace the lid, 
with the calorimeters attachctl, on the enclosure, taking caie that the 
calorirnetei'S dt) not touch the metal ve.ssel H. \\ hen the lid i.s in j>osition, 
commence taking reatling of the thormoinetei's. 

A convenient plan is to take the reading of the fii-st thermometer 
when the seconds hand of a watch is at 00, and tlie reading of the secoinl 
thermometer when the seconds hand is at 30. Readings should not bo 
commenced unless the two thermometers indicate approximately tlio 
same temperature (between 00° and 70° C.). Continue the readings till 
the temperature falls below 30° C. in each case. The parallin cools more 
rapidly, and therefore the paraffin will reach this temperature first. When 
this is'the case, the rea<lings of the parattin thermometer can be discon¬ 
tinued, but the water thermometer must still be read. It is the time to 
cool through equal ranges of temperature which is required, not the tem¬ 
perature change in equal times. 

At the end of these observations, remove and weigh the calorimeters 
to determine the mass of liquid in each. Plot two ciirves on a slieet of 
squared paper to show the cooling of the two calorimeters, taking tem¬ 
peratures as ordinates, times as abscissae. From the curves determine 
the number of seconds required in each case in cooling from 0^ (about 
U0°C.) to (about 30° C.). Calculate the specific heat of the liquid 
from the formula on p. 302. 

Instead of paraffin oil, olive oil, glycerine, or strong .salt solution 
may be used in the previous experiments. 
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§ 1. Definitions 

When the temperature at one point of a body is higher than the 
temi)erature at a neighbouring point, heat tends to flow from the first 
point to the second. If the temperature at the two points be Tj and 

Tg, and d be tiic distance between them, the quantity 
(Ti -T 2 )/</ is called the temperature slope or temperature 
gradient, G. This important magnitude G may be ex¬ 
pressed in degrees per centimetre. 

In the notation of the differential calculus the tempera- 

» t£T 

turo gradient G may be written if x be taken to represent 

distance. 

When a slab of any material, of thickness d, with 
parallel faces, has one face maintained at a temperature 
Ti and the other face at a temperature Tg, a steady flow 
sinb of heat will eventually take place in straight lines perpen- 
Purniki dicular to the faces of the slab, and the temperature slope 
will be uniform and equal to (Tj -Tgl/d. 

The quantity of heat Q, flowing in time t through an area A measured 
on one face of the slab, ^vill be proportional to the time, to the area, 
and to the temperature slope. It will also depend on the material of 
which the slab is composed. Hence we may write— 


Fio. 182. 
with 
Faces 




or Q = KAGt, 


where K is a quantity depending on the material of the slab. This 
equation may be regarded as defining the meaning of K, the coefficient 
of thermal conductivity of the material. Solving the equation for 
K we find 

Q/^ ^ QA 


K= 


A.(Ti-T3)/i* 


or K = 


AG* 


The numerator Q/f measures the rate of flow of heat through the 
slab. This may be expressed in calories per second. 

Hence the coefficient of thermal conductivity may be defined briefly 

304 
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as the rate of flow of heat per \mit area per unit temperature gradient. 
Tlie coefficient will be expressed in calories j)er secoinl, per stpiarc 
centimetre, per unit temperature gradient. 

The measurement of a coefficient of tliermal conductivity conse¬ 
quently involves the determination, after a steady state has been 
reached, of the three quantities : rate of flow of heat, area through 
whicli the lieat flows, and temperature gradient. 

In the notation of the differential calculus the equation may be written— 

^ ~ AdTjdx ‘ 


§ 2 . Experimental Determinations 

COEFFICIENT OF THERMAL CONDXTCTIVITy OF A 

METAL BAR 

The metal, of which the coefficient of thermal conductivity is to be 
found. Is in the form of a cylindrical bar (Fig. 183). One end of tlie bar 



is heated by passing a current of steam through a steam chamber B, the 
other end is cooled by passing a current of water through a spiral tube 
encircling the bar at C- The temperature at two points, D and E, along 
the length of the bar is determined by thermometers T, and T*. Tho 
temperature in the w’ater is determined at the point F, whore it leaves the 
coil, by the thermometer T„ and at the point G, where it enters the coil, 
by the thermometer T,. 

Expt. 175. Determination of the Coefficient of Thermal Conductivity 
of a Metal Bar.—In carrying out the experiment a steady current of 
steam from a boiler must be passed through the steam chamber, and a 
steady current of water must be passed through the coil. The bar is 

L 





PT. IV 


306 


A TKXT-BOOK OF PKAOnCAL PH\S1CS 


temiLraturos recorded will depend on the rate at which water is flowing 
throuLdi the coil To secure a reasonably large difjerence between the 
fern T. it is best to have a rather slow stream ; in fact 

little more than a trickle of water should Issue from the coil. Iho 
tuiantitv of water flowing through the coil per second must be determined 
bv collecting the water that issues in a given time (two or three minutes), 
and either weighing it or measuring the volume m a graduated ves-se . 
In this way is found the number of grams, »i. of water passing through 
the coil iJt .seconds. Tlie temperature of this inas.s of water has been 
raised from T, to T,, so that the water must have absorbed 
units of heat from the bar. Assuming that no lieat has been lost frorn 
the siiles of the bar, we may write for Qlt in the defimtion of the coefiicient 

The area of cross-section of the bar can be found by measurmg the 
diameter with the vernier callipers, and taking A = irr where r >3 
radius of the circular cross-section. The temperature slope can be found 
from the temperatures T. and T„ and the distance d between the tuo 
points D and E. Thus all the quantities necessary for the determination 

of K can be found. 


COEFFICIENT OF THERMAL CONDUCTIVITY OF A BAD 
CONDUCTOR IN THE FORM OF A PLATE 

In the case of a bad conductor of lieat, the thickness of the slab of 
material to be examined must be small. The apparatus de-scribed below 
is similar in principle to that used in the researches of Professor C. H. Lees, 
but, for convenience in manipulation, liis apparatus, which was su-spended 
by strings in an enclosure, has been in\-erted. 

The (ietennination of K comprises two distinct parts: (I) finding the 
temperaturo gradient. G, through tho plate ; {U) finding Q/l the rate of 
flow of heat through tlie material. In the following description, Expt. 1 / o, 
it is assiuncd that the temperature of the room remains approximately 
constant. It is advisable to record the temperature in tho neighbourhood 
of the apparatus, by means of a separate thermometer, at the beginning 
and at the end of each part of the experiment. Find the meu/i temperature 
for each part. If these means are approximately equal, no difnculty arises. 
Even when the means are not the same, as may happen if there is some 
interval of time between Parts I and II, the observed results may be used 
to find the actual rate of cooling in Part I by applying Newton s law of 
cooling (pp. 297-298). 

Expt. 176. Determination of the CoefiBcient of Theraal Conductivity of 

a Bad Conductor such as Cardboard.—The material is in the form of a thin 
circular plate, of which the thickness and diameter must be measured. 

Part I. To find G. One face of the plate is heated by being placed 
in contact with a metal chamber B (Fig. 184 ), through which a current of 
steam is passed. The other face of the plate is in contact with a circular 
disk C of metal. All the metal surfaces are nickel-plated. Thermometers 
D and E are inserted in holes in the chamber B and tho disk C. 

The apparatus is left until a steady state is attained, and then the 
readings oi the thermometers are recorded. 

The temperature of the air in the room should also be observed. 
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It is assumed that the temperatures T, and indicated by tlie tlier- 
mometers represent tlio temperatures of the t\\o faces of tlie cardboard 
plate. The thickness of the canlboard being known, tlie temperature .sloj>e 
can then be calculated. The area through wliich the heat flows is taken 
to be tlie area of the face of 
the card, wliich can be calcu¬ 
lated from the diameter of the 
circle. 

Part II. To determine 
Q/l, the rate of flow of heat 
through the card. For this 
a separate experiment is 
necessary. When the steady 
state is reached in the first 
experiment the rate of flow 
of heat through the card 
must be exactly equal to the 
rate at which heat is lost from the surface of the disk C' by convection 
and ratliation. For when the temperature has become stationary there 
can be no accumulation of heat going on in the disk, ainl the heat gained 
by the disk must be equal to the heat lost. Consecjuentls', if we can 
determine the rate at which heat is lost, we know the rate at u hich heat 
is flowing through the card. 

The heating chamber B is removed, and the disk C, with the card¬ 
board in contact with one face, is supported so that transference of heat 
by conduction is a minimum. This is sometimes done by suspemling 
the disk by strings, but it may be more convenient to place the cardboard 
on a support, such os a block of wood, which is a bad conductor of heat. 

The disk is then heated by the flame of a Bunsen burner till its 
temperature is 5 or 6 degrees higher than the steady temperature T... 
It is then allowetl to cool until its temperature has fallen from this 
temperature, T,, to a temperature T,, the same number of degrees 
below Tj, and the time I taken in cooling is noted carefully. 

The heat lost in cooling is MSfTj - TJ, when ISI is the mass of the disk 
and S the specific heat of the metal. Con.sequently tlie rate at which 
heat is lost is MS(T 3 -T,)//. Assuming* that this is equal to Q// in the 
formula for thermal conductivity, we have all the data necessary for the 
calculation of the latter quantity. 



Fig. 184.—Thermal Conductivity oi* CanlLoard 


COEFFICIENT OF THERMAL CONDHCTIVITy OF A BAD 
CONDUCTOR IN THE FORM OF A TUBE 

The Coefficient of Thermal Conductivity of a ba<i conductor of heat 
in the shape of a tube can be determined by passing a current of steam 
through the tube, or through a jacket surrounding the tube, and measuring 
the quantity of heat transmitted tlirough the walls of the tube by the 
ordinary methods of calorimetry. 

First Form of Apparatus.—Steam is passed through the tube. The tube may 
be immersed in a known mass of water in a calorimeter and the rise of 
temperature of the water in a certain time may be observed. 

> This assumption is not strictly accurate, for when the healer is removed some heat is lost 
from the by conduction through the cardboard. It would be more correct to determine the 
rate of loss of beat from the disk when the heater is in position, but al the same Umperature as the 
disk, so that there is no slope of temperature in the cardboard. It is not difhcult to realise this 
conation in practice, at least in an approximate fashion. 


Y Sri Pratap College, 
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Fmt ITT. Determination of the Coefficient of Thermal 

stea.n penerotor. so that a steady 

passed tlirough it. Tlie other end may chp into a tin can 

L catch any drippings from the condens^ stoam. 

Allow tho steam to pass through the tube for an ob 
served time, until the temperature of the water h^ risen 15 
or 20° C. Note the time during which the steam has passed, 

and also tho final temperature, Tj. of the water. 

The length of tube immersed in the water must be 
measured, and for this purpose it is convenient to have two 
marks made on the tube at tl.e points where enters and 

a, , leaves the water in the calorimeter. Let the length immersed 

^LlmHrfrom be I cm. Measure also the internal and the external radius of 
iX the tube. Let these be r. and r, cm. respectively. Then 

the thickne.sa of tho wall of the tube is 7 
imagine the tube slit open by a cut parallel to its axis (Fig. 18,>). »t 
will approximately correspond to a slab of material o 
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The area through which the heat flows may be taken approximately 
O.S tho mean of tho areas of the two faces of the slab, that is 

A = \(2nr^l-¥ 2irr^) = 2Wrf, 

where r = i (r. + r.) is the mean radiiLS of the tube. .. i. * 

The temperature on the outside of the tube is not constant, but we 
take the moan of the initial an<l final temiieratures in calculating the 
temperature gradient. The temperature of the inside of the tube may be 
taken as T^ = 100° C. Thus the temperature gradient is 

Tj - ri 

where T = i(T,-(-T,) is the wean temperature outside the tube. 

The only other quantity required is the quantity of heat flowing 
through the wall of the tube in time t. As the heat goes to raise the 
temperature of the calorimeter and its contents from T, to T, it Mn be 
calculated easily- Thus all the quantities required for the determination 
of tho coefficient of thermal conductivity can be obtained, and the coem- 
cient can be calculatecl from the equation ' deduced from the definition 

on p. 304. _ 

^ Q/< 


K = 




K- 


• A more accurate fortnuU, obtained by considering the flow of beat through the wall of a 
hollow cvliiidor, gives 

Qif 

log. r,|r^ 

When the lube is thin, so that r, —r, it small compared with r, or tu this reduces to the form 
above 
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Second Form of Apparatus.—If the tube is not flexible, as in the ca.se of n 
gla.ss tube, its thermal conductivity may be determined in tlie following 
manner :—A slow stream of water is passed through the tube, the stream 
being maintained steady by »ise of a Mariotte’s Bottle. The tube is in¬ 
clined slightly so that it'is always full of water while the experhnent is in 
progies.s ; it is enclosed in a steam jacket through which steam is passing 
(Fig. 18(i). 

Expt. 178. Determination of the Coefficient of Thermal Conductivity 
of a Poor Conductor in the Form of a Tube.—As the water enters the tube 
its inflow temperature T, is taken. As the water flows through the tube, 
it receives heat by conduction throtigh the tube walls, it.s temj^erature 
rising to by the time it has flowed through the jacketed part of the 
tube. This onifloxc temperature is taken, and the emerging water is 
collected in a mea.sviring cylinder. The mass of water flowing through 
the tube in a certain time is noted ; this interval of time should be such 



Fio. 18C.—Thermal Conductivity of Glass Tube 


that at least 300 c.c. of water are collected in a measuring glass, the mass 
being calculated on the assumption that the density is unity. If the m^s 
of water flowing through the tube in t seconds be M gm., the quantity 
of heat Q conducted through the walls of the tube in this time is 

M(T,-T,) calories. . , . . , . • 

The length of the tube between the ends of the steam jacket is 
measured, and also the internal and external radii of the tube. Let these 
be I, r„ and r, respectively. 

Then the average area through which the heat flows is 2nrl, where 
r = (r, + r,)/2. 

The average temperature slope through the tube is 

Zl, where T = 
r,-Ti 2 

Hence * _ 

rioo-T’ 

M(Tj-T,) = K2»rr/- f. 

L _ 

All these quantities can be measured or observed except K, hence 
K can be calculated. 

> If the more accurate equation ia used _ 

log. fi/r, 
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the mechanical equivalent of heat 

s 1 Definition and Deterotnation of the Mechanical 

Equivalent of Heat 

It was proved by Dr. J. P. Joule (1818-1889) that when heat 

produced by the expenditure of mechanical energy, 

beat produced a dehnite number of units of work had to be don . 

There is a constant transformation ratio between W the w“k 

H the heat produced. This ratio W/H or J is caUed the mechamcal 

equivalent of heat. Thus, in order to produce one calorie (gram-de^ra 
centigrade), 4-2 x 10’ ergs or 4-2 joules of work are required. I” C.fJ.S 
units using the centigrade scale of temperature, the mechanical 
equivalent ^of heat is 4-2x10’ ergs per calorie, or, more exactly, 

4185 X 10^ ergs per 15® calorie. 

Exit 17<) Determination of the Mechanical Equivalent of Heat by 

the FaU^f Mercury in a Tube.—A wide glass tube about ® 

nnd 1 to 4 cm in diameter is sealed at one end and provided at the other 

with a well-fitting rubber cork through which 

ofQis AKniir 'tO c c of mercury is introduced into the tube and the 

™rk ^lixed secmefy “n positTon. /he tube is griped fi^ly at ite centre 
and held torticallv so tKat the lower end rests level with a table. The 
tube is then inverted quickly so that the upper end now occupies the 
posUi^n by the lower end. This m^ns th^ the tube 

must be rotated about a horizontal axis through the 

During the rotation the mercury remains at the end of the tube, but when 
the tube becomes vertical the mercury falls from one end of the tube to 

the other. 

The work done in lifting the mercury is converted into kinetic ener^ 
during the fall, and this is converted into heat when the mercury com^ to 
rest at the bottom of the tube. In order to secure an appreciable nse of 
temperature, the operation must be repeated about uO times. 


Let 


tn 

s 

ti 

ft 


mass of mercury in the tube, 
specific heat of mercury, 
final temperature, 
initial temperature. 


Then assuming that no heat is lost, the total amount of heat produced 

^ Let^fc=the vertical distance through which the centre of 

the mercury falls w’hen the tube is inverted (note that this is not the length 

of the glass tube), n = the number of times the operation is earned out, 
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Tlieii tlie mcelmiiical energy K which disappears ^/n/a/A. 


So we have 



nmgh 
- /,) 


A-U,-/,)’ 


From this result Joule's e<iuivalent can he calculated. 

Xote th*\t the value of J is ifidopenclout of the mass of mercury used. 
In an actual experiment a very small tjuantity of mercury must not be 
used, otherwise the heat used in warming the tvibe wouhl bo appreciable in 
com{>arison with that used in warming the mercury. A less accurate 
methoti. attended with less risk of breaking the thermometer, is to u.se a 
solid cork, and to take the temperature of the mercury in a small beaker 
before and after the ojierations. 


PRODUCTION OF HEAT BY FRICTION BETWEEN 

METAL CONES 


The following method of determining the mechanical ocpiivalent of heat 

bv the friction between two metal cones is an adaptation of one employed 

by Joule. , i i 

Two metal cones. D and E (Fig. 187), are provided which lit closely 



Fig. 187.—Mcchnuical Equivalent of Heat 

one within the other. The outer cone is forced to rotate by attaching it to 
a vertical spindle driven by a flywheel turned by hand. The inner cone is 
prevented from rotating. Consequently friction takes place between the 
surfaces in contact, and the heat produced goes to heat the cones aiul any 
liquid (usually water, sometimes mercury) that may be placed in the 

inner cone. . , , i i i e ..x. 

The amount of heat produced Ls determined from a knowledge of the 

total water equivalent and the rise of temperature. 

The amount of mechanical work expended can be estimated by applying 

a measurable torque to the inner cone in order to prevent it from rotating, 

and bv counting the number of revolutions made by the outer cone. A 

circular wooden disk (A in Fig. 187) rests upon the inner cone, to which it 

is attached by two steady-pins. A leaden weight B is placed on the top of 

it to hold it in position. A string attached to the circumference of the 

disk passes over a pulley and is kept stretched with tension T dynes by a 
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'“r' is ViK- '.nn“r’ Sme /emSTo move wit’h it? prevented 

vhcH Ihr apjjaratu,^ is in ^ radius of the surface 

of clM.t.uVof l»‘.o convs. Then if F’represeat a mean value of the fnct.on 
between tlie cones, Fr = TK 

= M{/H. 

vl.ere M is tl.o mess of tl.o suspended load 

..o.J'?\:r??:.;t‘Kt?r?"c???:^?;i;w?h:wor. don; in n revolntions 

tuting thL value we find for the work done in a revolutions 

W = 2»rnMr?R. 

Conseciuently the mechanical work can be calculated m ergs. 

Fxi*T 180 Determination of the Mechanical Equivalent of Heat by 
the Friction between two Metal Cones.—In *"6 'L'^STirhi 

it is essential that the friction ^^^^tween the cones should be suitable m 
amount. Otherwise it will be impossible to keep 

l".\!;on tb? h'no?a,?.l tire m.ter co,?e. If the cones are not lubneated 

fbo mirfiicCtS ill contact' will seiite • • • i i_ i 

The udiustinent of the amount of lubricant should be made before 

becinning the actual experiment, the apparatus being tested by ti^nmg 
the di-!vmp wheel so as to see whether the load can be mamtamed 
npnroximately at a fixed level, whilst turning at a fair speed. 

Weigh the two cones together when empty, and also when the inner 
cone is^nbout two-thirds full of water. Then replace the cones m the 
apparatus and introduce a sensitive thermometer to detennme the 
tiinpemture. If care be taken, the thermometer itself may be used as a 
.stiriVr. Sometimes the thermometer m held in a stand and a separate 

'’*'”iurimp!>rtmit to allow for any loss or gain of he^ due to relation. 
In order to do this, readings of the temperature should be taken at 
intervals of 1 minute for 5 minutes before the actual experiment coi^ 
rnences Then the flywheel should be set in rotation and the required 
number of revolutions made. Tlie number is indicated by the counting 
mechanism C geared to the rotating spindle. To obtain a rise of tempera¬ 
ture that can bo measured with reasonable accuracy a large number 
of revolutions must be made : 500 or 1000 revolutions may be nece^ry. 
The time this takes inu.st bo noted. \\ hen this operation is completed, 
the temperature must be read, and readings of the thermorneter taken 
again at intervals of 1 minute for 5 minutes. From the readuigs before 
and after the r/iran rate of change of temperature can be found, and 
knowing the time the experiment lasted, the actual change during this 
period can be calculated. This change must be taken into ac4^imt in 
estimating the rise of temperature produced by the friction between 
the cones. 

Calculate tlie number of calories of heat produced, from the water 
equivalent and the rise of temperature. Measure the diameter of the 
wooden disk with a large pair of callipers, and calculate the work doj'® 
from the expression W = 2ff»M9R. The mechanical equivalent should be 
expressed both in ergs per calorie and also in joules per calorie. 
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CALLENDAR’S APPARATUS FOR THE MECHANICAL 

EQUIVALENT OF HEAT 

In tliia form of apparatus {I'ig. 188), the water is contained in a 
hollow drum which is rotated by an electro-motor or by hand. Over 
the drum passes a brake-band of silk,^ consisting of three ribbons. 
The two outer ribbons are wound once round the drum and at one 
end carry a mass A (Fig. 189), of several (3 to 5) kgm. The other 



lOr,. ISS.—CaltfiKlnr's Apparatus Fio. 180.—Dynamometer 

(r.imbrldgc Scientlllc In.strumeiit Co.) used in Callendar’s Ap- 

priratus 


ends of tlicse ribbons are fastened to an ivory or vulcanite bar, to which 
the midtile ribbon is also attached. This ribbon also passes over the 
drum, lying between the other ribbons and in continuation of them. 
It carries a yoke S at its other end, and from this yoke is suspended a 
small mass B, about 200 to 400 gm. From the lower end of the yoke 
pa.sses a spring-balance which hangs from the frame of the apparatus 
at C ; this spring acts upwards on the mass B and supports B to some 
extent during the experiment: its action is to steady the working of 
the apparatus. 

Suppose the drum to be rotating in the direction of the arrow : 
A is raised by the friction of the band, and B is depressed. The differ¬ 
ence in tension betw’een the ends of the band is equal to the force of 

“ The silk belt must be kept clwin and dr>% and be put away in a paper wrapper when the 
apparatus is not in use. In later models tbe belt is of velvet. 
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iK-twcon the band and the drum. Now f 

round a drum or fi.se,1 pulley depends on the f f .f 

Oiui (see p 74) ; if the weight of B were adjusted carefully it would 

™ m'silde for B to keep A balanced esaetly when the drum was 

rotating at a certain speed. If, however, B were not adjusted exactly 

Jo thislaluc, the hand would move slowly either rn the same dmection 

as the drum or against the motion of the drum, according as B were 

greater or less than this special value. The slightest alteration of the 

coefficient of friction, due to rise of temperature f 

or anv other cause, would require a readjustment of B, or if the angle 
of contact between the brake-band and the drum were altered through 
slight oscillation of either end, the band would begm to move in one 


direction or the otlier. . 

The adjustraent of B would be troublesome if the spnng-balance 

wore not used, and readjustment would be necessary at frequent 
intervals in the experiment. The spring avoids all this troublesome 
ailjustment in the following way: If at any moment the force of 
friction is too large. B begins to move downwards, its weight is thus 
thrown on the spring to some extent, and the cord, being released 
from this part of the weight of B. exerts a smaller frictional force on 
the drum and the downward motion of B is arrested. Diminution in 
the force of friction causes B to rise ; its weight is then taken by the 
cord more completely and the friction increases accordingly, the motion 
of the cord being again stopped. The arrangement of a brake-band 


round a drum is called a Dynamometer. 

The force of friction is equal to T-Tq, where T is the weight of 
A, and To is the difference between the weight of B and the force 
c.xerted by the spring : all these forces are measured in dynes. 

The work done is equal to the product of the frictional couple 
exerted on the drum, and the angle in radians through which the drum 
revolves : thus in n revolutions the work done is 27m(T-To) R, where 
R is the radius of the drum. W is measured in ergs. 

The number of revolutions is determined by means of a revolution 


counter mounted on the axle of the drum. 

The heat generated in any given number of revolutions is determined 
by t;lie rise of temperature of the water, multiplied by the tliermal 
equivalent of the drum and contents. To avoid loss of heat from the 
drum by conduction, and also to give a definite value to the thermal 
equivalent of the drum, it is mounted at six points on its circumference 
on ivory or vulcanite studs, by means of w'hich it is attached to the 
driving disk and spindle. The drum has a hole in the centre of its end 
plate, into which the thermometer is inserted and through which the 


^ The force of friction betTveen 6olid sDrfaces b nearly^ but not qiiite» independent of their 


relative velocity. 
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water is introcliicccl, Tlie driini is half-filled with water before tlie 
experiment, tlie mass of water used, w gm., being determined before 
introducing it into the drum. As the drum revolves, the water gradually 
acquires a motion of rotation and rotates with the drum, being pre- 
vented from escaping from the drum by centripetal force, which keeps 
it in contact with the rim. 

The thermometer is of a special design, being bent so that its bulb 
lies near the rim of the drum and inside the drum, while the graduated 
stem projects from the hole at the centre, and is clampeil as shovn in 
Fig. 188. The water swirls past the bulb, and its temperature is 
registered on the thermometer, the rotary motion ensuring thorough 
mixing and consequent uniformity of temperature throughout the 
liquid. The thermometer, being fixed, enables temperatures to be 
taken at any instant during the experiment, and it is possible therefore 
to plot a temperature-time curve if desired, and to correct the final 
temperature for radiation losses by means of this curve (p. 291). The 
water equivalent of the drum can be determined from its mass m 
and its specific heat s. 

From the work <lone and the heat generated, the mechanical 
equivalent of heat J is determined by the equation 

W = JH. 

W is the work done and is given by 27m (T -Tq) R. 

H is the heat generated and is equal to (w + ms) (Bg-Oi), Oj being 
the initial and the final temperature of the water in the drum. 

Expt. 181. Determinatioii of the Mechanical Equivalent of Heat by 
Callendar’s Apparatus.—The apparatus is set up to be driven either by 
liaiid or bv motor. Polish the drum veri/ carefully by ajjplymg a liquid 
metal polish on a soft rag to the revolving surface. Adjust the brake¬ 
bands over the drum as shown diagrammatically in Fig. 189, placing a 
fiv«*-kilograrn weight on the end A and a mass of 400 gm. on B, the spring- 
balance being fixed to the frame of the apparatus at C. 

i^Ieasure an amount of water sufficient to fill the drum nearly up to 
the hole at the centre — between 300 and 600 c.c. will be required ; 

let the mass of this be w gm. Introduce the water into the drum. 

Place the thermometer bulb in the interior of the drum, clamping 
th(' thermometer in the clamp provided on the apparatus so that the 
stem projects along the axis of the drum. Care must be used in inserting 
the bulb, as the thermometer i.s fractured easily at the bends. 

Start the motor and adjust its speed or the masses of A or B until 
the band is stationary when the drum rotates. Care must be taken 
that the yoke is not touching the frame of the instrument, and that the 
index of the spring-balance is well away from both ends of the scale. 
When these adjustments have been made the motor is stopped and the 
water allowed to come to rest. Take readings of the water temperature 
0,, and of the revolution counter. 

To carry out the experiment proper, stert the motor and read the 
temperature of the water every fifty or one hundred revolutions of the 
drum Read the tension of the spring-balance between every pair of 
temperature readings so as to get the mean force exerted by the spring 
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,,.,nns thn, of .he nse of temperature. Note abo the time occupied 

‘{^;rv;iihr::t,utioua,or some 

motor an<l take the tornperatviit * lontrth of time as that taken 

Sr\hL’':M:eri;::.d!7n^’th^”U'’;r.™^ .—s 

noted ; let this be S0. 

The tnean excess of temperature “-j; «te'onL‘o1 

experiment is half the final excess, and therefore the mean 



F,o. l!K>.—faUen.Jar-f. ApimriOif* <Jrivcn by 3Iotor 
(Cambritl?*- .Sc»i-iiliflc IiiKlrutncnt Co.) 


heat during the experiment would be half the rate at the end of the experi¬ 
ment The correction for radiation during the experiment is therefore 
made' by adding 69/2 to the obserx ed rise of temperature, and we have 

H = - 9i+ 2 ) » 

whore H is the Heat generated during the experirnent. 

In this expression ?;i is the mass of the drum m grams, and s the specihc 
heat of the material of the drum (usually brass): m is usually stamped on 
the end of the drum by the maker. o • 

To calculate the work done it is necessary to measxire the radius of the dnini; 
let this be R cm. Then the force of friction is given by the difference in 
ten.sion between the ends of the cord. Let the mean reading of the spring- 
balance be C gm., then the tension To at the end of the band carrying the 
weight B is (B - C) gm. weight. j ^ • 

At the other end the tension T is equal to A gm. weight, and the friction 
force is given by 


F = (T - To) dynes = {A - (B - C)}? djTies. 
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This force is exerted round the periphery of the druin, and the couple 
due to friction is 

FR dyne-cin., 

the work done in n revolutions ht*iiijx etjual to 


W = 27r« FR ergs. 

Calculate tl>e Iieat generated H gram calories and \V ergs the work 
done in the number of revolutions taken, aiul calcidate the mechanical 
equivalent of lieat J from the equation 

W' = JH. 


The value of J should also be given in joules per gratn calorie. 


Note. —The satisfactory use of Callendar's apparatus dej)en<ls very 
largely on obtaining a good poli.sh on the surface of the drum. This may 
require considerable time and care, particularly when the apparatus has 
not been in use for a long period. 

In later models some modifications have been made in the desigit of 
Callendar'.s apparatus and the brake-band is now made of velvet instead 
of silk. 


Experiments on the heating effect of an electric current are described 
on pp. 440-443. 


NOTE ON THE MECHANICAL EQUIVALENT OF HEAT 

The principle of equivalence established by J. P. Joule may be stated 
by saying that when exchange ocoum between work aiul heat, the ratio 
of the’exchauge is fixed- Joule’s equivalent states this constant transforma- 
tion ratio as the quaidity of mechanical work equivalent to one thermal 
unit. The numerical value of J depends on the units cho.sen for measuring 
work and heat. Provided the unit of mass selected is the same for work 
ns for heat, the value of J does not depend on the mass unit, but it docs 
depend on the temperature scale chosen. 


lAlro'V Sri Pratap Cdle^e, 
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HYGROMETRY 

§ 1. Definitions 

The Hygrometric State or Relative Humidity of the air can be defined 
as the percentage or fractional saturation of the air. At any tempera¬ 
ture t a certain maximum amount of aqueous vapour can exist m the 
air ; this corresponds with the Saturation Vapour Pressure, F, of water 

vapour at that temperature. 

The actual quantity of vapour present is rarely equal to this maxi¬ 
mum, the aqueous vapour actually present corresponding with a 
saturation pressure / which is usually considerably less than F. The 
mass of aqueous vapour present is proportional to /, and consequently 
the fractional saturation can be expressed as ffF or as a percentage 
by//FxlOO. 

The aqueous vapour present in the air would be sufficient to saturate 
the air at a certain temperature If the air is cooled down locally 
to this temperature (p dew will be deposited on any flat surface 
exposed to this cooled air : the temperature is called the dew 

point. 

To a very close degiee of approximation, the saturation vapour 
pressure (S.V.P.) at the dew point may be taken as equal to the pressure 
of the vapour actually present in the air. Thus if we can determine 
the dew point, we can obtain the hygrometric state of the air, for the 
saturation vapour pressure of water vapour at any temperature can 
be obtained from tables (Appendix, p. 563), and the 

f S.V.P. at the dew point 
Hygrometric state = j, = s.v.P. at the air temperature' 


§ 2. Methods of determnino the Dew Point. Hygrometers 

The method of cooling the air locally is to cool down a bright metallic 
surface. When dew is deposited on this, its bright surface assumes a dull 
appearance, and with practice a very slight trace of dew can be detected. 
If the temperature of the surface is then taken, this temperature will be 
the dew point. Any apparatus designed for measuring the relative humidity 
of air or gas is called a Hygrometer, the Dew Point Hygrometer being a 
particular form. 


318 



CH. VII 


HVUKOMETRY 


319 


DANIELL S HYGROMETER 

Daniell’s Hygrometer is sliown in Fig. 101. In this form the metallic 
surface is a gold bnn<l fu.sed round the lower ghi.ss bulb A. Inside thi.s 
bulb is a thermometer the stem of which pa.sse.s vip the lube connecting 
this bulb with the second bulb H on the other side of the stand. The two 
bulbs and the connecting tube contain ether ainl ether va|M)ur only. 

By pouring ether on the cloth surrounding the npjjer bulb, and causing 
it to evaporate rapitll.\’, this bulb is cooled. The ether vajjour inside the 
bulb B is condensed, and its place is 
taken by more vapour which pa.sse.s over 
from the other bulb A. Conden.sation is 
continued in the upper bulb, and vapour 
pas.ses over from A to B to replace the 
conden.sed vapour, so that continuous 
evaporation goes on in the lower bulb .so 
long JUS the tipper is being cooled. 

The evaporation inside the lower bulb 
causes a steady' fall of temperature in it, and 
the gold band finally cools to the dew point. 

>Vhen the first trace of dew i.s noticed, the 
temperature of the thennometer inside the 
apparatus i.s taken and also the temperature 
of the air of the room. Usually a second 
thermometer is mounted on the stand of the 
instrument for this latter purpose. 

The first of these temperaturc.s is taken as the dew point, and the 
hygrometric state is calculated from these ob.servation.s. 

The apparatus is not a good one. Tlie thermometer in.side the appara-tus 
is separated from the gold band by a mass of licjuid at least 1 cm. thick, 
and then by a layer of gla.ss of from 1 to 2 mm. thickne.ss. The liquitl is 
practically ulill, and there may be considerable variations of temperature 
in the liquid itself ; the gla.ss‘too is a bad conductor of heat, and con.se- 
quently the temperature of the thermometer may be frjun 1“C. to 2® C. 
below the temperature of the gold band, the value obtained for the dew 
point being wrong to the same extent. 

There are other objections to thus form of instrument ; the air all round it 
is charged with ether vapour and also tlie rate of cooling cannot be regulated, 
being determined by the rate of evaporation of the ether on the cloth. 

Expt. 182. Determination of the Dew Point by means of Daniell’s 
Hygrometer.—Read the temperature of the air in the room as given by 
the thermometer mounted on the stand of the in.strument. Pour some 
ether on the muslin surrounding the upper bulb, and watch the gold band 
for the first trace of a deposit of dew. If the surface is touched from time 
to time with the end of a long paper spill or a feather, the presence of 
dew may be detected more easily. Immediately the deposit is noticed 
read the temperature of the thermometer inside the apparatus. 

Find from the table (p. 563) the saturation vapour pressure corre¬ 
sponding with these two temperatures, and calculate the relative 
humidity. 



REGNAULT’S HYGROMETER 

The form of hygrometer designed by Regnault, when constructed and 
used properly, avoids the disadvantages of Daniell’s Hygrometer. An open 
glass tube A is fitted at its lower end with a silver cap B (Fig. 192). In 
this is placed sufficient ether to fill the silvered cap, and a thermometer 
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,r I f-n ftn<l FF arc- fitted ns shown, and the latter 
dips into the etlier. Ixihes ^ ' irator. When the aspirator is m 

islttiu-lied hy tlie si.h- direction of the arrows and bubbles 

through tlu- ether in J'"’ tlwough. and the rapid evaporation lowe^ 

with etlier vapour us it •> !' • immeiliato contact with the 

the temperature of the and with the thermometer, and is 

well .tirJed by the 

the thermometer, the liquid, and J ® silver 
can will all be at the same temperature. 

^Dew forms on the silver cap m soon es 
the temperature of the dew point is reached, 
ami the dew point can therefore bedeteiwined 

very accurately by taking the 
the\hermometer when dew ls hrat observed 

on the cap. 

ExPT. 183. Determination of the Dew 
Point by means of Regnault's Hygrometer. 
—Connect the short glass tube to the 

aspirator, which should be ^ 

metres from the hygrometer.. The dew 
point should fii-st be determined appro^i. 
inatelv by using a rapid current of air. 1 his 
causes rapid cooling, and the devv " not 
be noticed until the temperature is slightly 
below the true dew point. If now the cur¬ 
rent of air is stopped, the whole apparatus 
will warm up utou-ly and the dew uill 
disappear. The temperature at which the 
dew IisappeaiN should be noted ; this ill 
be much nearer the true dew point than 
the value previously taken, but will be 

somewbat too high. . 

The aspirator is now set working ag^n 

r»c 3 '“™ror:‘«ccur:',e^'kl^ pointUl’' thus be obtamed^ 

appearance and disappearance, which will not Jry more 0 ^ 

nra decree When this is the cose the mean of these may be taken as 
?L dew point The thermometer in the tube K gives the temperature 

Fhurfrom the table (p. 563) the saturation vapour P-'ef 
spending with the dew point, and also with the temperature of the 

rooin, and deduce the relative humidity* 

NOTE.-In order to detect the smallest trace of dew it is 
use a long dry quill, or a spill of poper formed by rolling up » 
note-papfr. This should be held at one end. and the 
stroked at one point with the other end of the paper or 

tion of dew caA be detected in this way, as the moistened s™®® 7 ® 

silver shows a higher polish where the paper has been stroked ajong it. 
The hand must not approach within 20 cm. of the silver cap, ^"® 
apparatus should be watched through a large pane of glap ; the c^P®”* 
ment should not be carried out near any place where a large surface ot 

water is exposed. 
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Some instrument makers supply a eoinpleto glass test-tube with a 
silver cap slipped on the end as u Kegnault s Hygrometer, i he use of such 
an apparatus reintroduces one of the main erroi's which Kegnault s appar* 

utu-s was designe<l to avoid, by placing a batUy conducting _, 

medium between the silver cap uiul the thermometer. 

Tho end of the test-tube must be cut off with a file (((jo^l) 

and the silver cap cemented to the tube so as to ha\'o >\\gKK|u 

the tube closed with a silver cup in immediate contact IllWmi 

with the ether. / \ 

WET AND DRY BULB HYGROMETER 

HO HO r- 

Two thermometers are nrrangctl on a stand ; one is .1 ,gg |gg . 

exposed to the air, an<l the bulb of the other is wrapped - - 

round with a cloth that is kept moi.st by <lipping at its -|- 

lower end into a small vessel of water (Fig. 103). The 6®r 

drier tho air. tho more ra[)idly will evaporation take -j70 70 - 

place from the wot bulb and the lower will be its torn- - 6o eo - 

perature. By reading the two temperatures an estimate - - 

may bo made of the hygrometric state, tables for the . . _ . , 

reduction of tho readings having been found by trial, ; «o 4a - ; 

using a Kegnault’s hygrometer for comparison. Such a - 30 3a - 

table is given below ami is explained on p. 322. 'j^o ^ 

Table fob Wet and Dry Bitlb Hygrometer 

The fii-st vortical column gives the temperature of the dry 
bulb thermometer. The first horizontal line gives the difforeiuo ■pmwyi 
between tho two thermometers. The remaining figures give 
tho actual vapour pressure in mm. at the time of observation. lya-Wet and 

When the air is saturated tho difference between the tlierino- 

inetera is 7 ,ero,and the second vertical column gives tho saturated momtjUTS 


vapour pressure. 
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;';:"'nl;n:;;.r(V.:vchroX.ro^bte re.sul„ than the stationary 

g=;S|3isSga=iiH 

" n^J^^Aeorolooical 06 .e..er.- Hcu-.^oo/c. 


CALCULATION OF THE MASS OF AQUEOUS VAPOUR PER 

LITRE OF THE ATMOSPHERE 


The pas laws connecting the pressure, volume and ° 

a gas such as oxvgen or liydrogen have been given on p. 285. ihe 
experiments of Regnault showed that these laws may be applied over 
a fairly wide range to unsaturated water vapour. He found that the 
density of water vapour compared with that of dry air at N.l .r. was 
approximately 0 02 or about 5/8. It is worth noting that the mass 
of any volume of aqueous vapour is nearly Jive-eighths that of the same 
volume of dry air at the same temperature and pressure. 

It is sometimes more convenient to make a comparison between 

water vapour and pure hydrogen. 

A litre of hvdrogen at 0® C. and pressure 760 mm. Hg. weighs 0 09 gm. 
At a pressure / inin. Hg. and a temperature t,° C.. its mass would be 


f 273 


Now we have aqueous vapour at a pressure / mm. Hg. wh^ measured 
at a temperature C. {the dew point). .Aqueous vapour {H,0) is nme 
times as dense us hydrogen (H.) under similar conditions. Hence the mass 
of aqueous vapour present per litre is 


0 81 


/ 273 

760^' 273 + C^' 


It is contended sometimes that the aqueous vapour is present at a 
pressure / mm. at the temperature of the air. in which case t, m the above 
kpres.sion should be replaced by t the air temperature. Either method 
may be adopt«d for the calculation, the percentage error, if any, due to 
using either expression being much less than the percentage error of experi- 

ment in determining /. . i i_ u • 

The mass of aqueous vapour per litre can be determined also by chemi¬ 
cal means, by aspirating a known volume of air through weighed drying 
tubes and finding the mass of aqueous vapour absorbed by these. 



PART IV 


ADDITIONAL EXERCISES IN HEAT 


1. Determine the fixed points of the tl>orinoineter provided, und use it to 

find the melting point of the given solid. , * , 

2. Determine the temperature of the room by means ul an unginduated 

therjDometer, ice and steam. . „ , , , 

3. Standardise the given thermometer and use it to find at what temjierature 

the given substance coagulates wlien heated. 

4. Find the mean coefticient of expansion of tlie given JujukI between -U L. 

and 3U'C., and also between 30'C. and 40-^ C. . , , 

5 Find the boiling point of a li(iuid, and determine the change in the boilmg 

point produced by adding 10 per cent by weight of a solid. 

0. Find the density of water at 20' C., 40^ C., and 60^ C., being given the 

coeflicient of cubical expansion of glass. , r. u 

7 Find the density of the given liauid at 20 C., 40 C., and 60 C. by means 
of a hydrostatic balance. Determine whether the coefficient of expansion between 
20’ C. and 40' C. is the same as that between 40' C. and GO' C. 

8. Find the coefficient of apparent expansion of the given liquid, using a 
bulb of known volume to which is attached a tube of known diameter. 

U. Find the temperature coefficient of increase of pressure of air at constant 
volume between the melting point and the boiling point of water. 

10 Plot a graph showing how the pressure of the given volume of air vanes 
with the temperature as indicated by a mercury thermometer, 
li. Find the water equivalent of the given calorimeter. 

12 ! Find the thermal capacity of the given mass of metal. 

13. Find what would bo the w’ater equivalent of a calorimeter, weighing 

150 grams, mode of the given metal. _ , r •• 1 i • i i 

14. Find the specific heat of a liquid, bemg given that of a solid which has 

no chemical action upon it. 

15 Find the specific heat of paraffin oil by adding ice. 

IG. Find the specific heat of the given liquid by condensing steam in it. 
Latent heat of steam= 540 calories per gram. Neglect heat of dilution. 

17 Having boon given a known weight of water in a calorimeter of knoNvn 
weight conde^e steam in it, and find from thermometric observations the weight 
of B^ain condensed, assuming the latent heat of steam to be u39 calories per gram. 

IR Heat the civ'eti vessel of water over a Bunsen burner and find the time 
taken'for the temperature to rise from 40^ C. to 80" C. Now boil the water for 
a measured time, und deduce an approximate value for the latent heat of steam. 

19 Compare the rates of cooling at a given temperature of the blackened and 

silvered test-tubes when filled with warm water. _ 

20 Plot a cooling curve for a calorimeter containing a known amount 01 
water Calculate the number of calories lost per second when the temperature 
of the calorimeter is 20° above that of its surroundings. 

21 Find the mass of aqueous vapour m 1 litre of air m the room. 

22 ! Determine the dew point by two different methods. 

23 Being given the coefficient of thermal conductivity of the metal bar, 
determine the temperature at the marked point without using a thermometer 

Determine tlie coefficient of thermal conductivity of a sheet of ebonite. 
2.5* Comuar© the coefficients of thermal conductivity of ebonite and cardboard. 
26*. Find the coefficient of thermal conductivity of porcelain in the form 

of a tube. 
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PART V 


MAGNETISM 



NOTES ON MAGNETISM 


An ideal or simple magnet would have only two magnetic poles of 
r*r-»inritv fN and S) situated at mathematical points. An ordinary 

"rn'r magnet possesses certain polar regions which do not 

but an approach to the ideal may be realised by means of Robison s ball- 
ended magnets, carefully constructed and properly magnetised. 

Mag^U or lodesUine is an oxide of iron (Fe.O,) which >« strongly 
magnetic, while other oxides of iron are only feebly mapietic. ? 
may be magnetised temporarily by placing it in a magnetic held, but hard 
iron and steel become permanently magnotisi^ by the field. .Bars oj 
nickel, cobalt and Heusler alloy (composed of copper, alumimum and 
manganese) are ferromagnetic, like iron. \ ibration or shock may demagnet¬ 
ise hard iron, but make it easier for soft iron to become magnetic. Lo^ of 
magnetic properties occurs when a magnet is heated to a certain critical 
ternperature. By combining steel with other elements, such as cobalt and 
chromium, great improvements have been made in the construction of 
strong magnets, and these are very convenient for many magnetic expen- 


ments. _ 

Special attention is directed to the NOTES ON THE CARE OF MAG¬ 
NETS on p. 336. 

The best way of remagnetising a bar magnet is by plying it along the 
axis of a solenoid (p. 373) of thick insulated wire, through which a strong 
electric current (several amperes) can be passed for a few seconds. It is 
necessary that the length of the solenoid should be rnuch greater than the 
length of the magnet. This is specially important m remagnetising ball- 

ended magnets. 


It is now generally accepted that magnetic poles have never been 
separated from one another so as to exist independently, and a bar magnet 
may bo looked upon as an assembly of an immense number of small magnets, 
Ewing constructed models in support of this view, and these are stiU of 
service in illustrating modern theories which attribute magnetism to the 
spin or orbital motion of certain elementary particles, notably electrons, 
which constitute matter. 
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CHAPTER I 


FUNDAMENTAL PKOPERTIES AND LAWvS 


§ 1. Fundamental Properties and D?:finitions 





Magnets are characterised by their power of attracting small particles 
of iron, and by the property of setting in a definite direction when 
suspended so as to be able to turn freely. Wlien a magnet can tui n 
about a vertical axis, a certain direction 
fixed with regard to it becomes parallel 
to a direction fixed with regard to the 
earth. The first direction is that of the 
Magnetic Axis of the magnet, the second 
that of the Magnetic Meridian. A mag¬ 
net of any shape \isiially behaves as 
though forces of attraction or repulsion 
originated from two points or regions 
in its substance, which may be termed 
its poles. The pole which points to¬ 
wards the north is called the North (or 
north-seeking) Pole, the other the South 
(or south-seeking) Pole of the magnet. 

North polarity is usually taken as posi- 



FIG. 194.—MnBiintic Needle 
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tive, South polarity as negative. Unlike poles (poles of opposite sign) 
attract, like poles (poles of the same sign) repel one another. 

Definition of Unit Pole.—^The unit magnetic 
pole is that pole which repels an equal and 
similar pole at a distance of 1 cm. from it, in 
air, with a force of 1 dyne. 

The strength of the magnetic field or field- 
strength at any point is determined by the force in 
dynes acting on a unit north pole placed at that 




m 


0 
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Fio. 105.—Bar .Magnet nn<l 
Ball-ended Magnet 


point. This is sometimes called the magnetic force ^ or the magnetic 
intensity at the point. The latter expression must not be confused with 
intensity of magnetisation. Magnetic force is a Vector quantity (p. 51). 


> Some writere object to the term ‘ magnetic force as there is a risk of its being oonfii-sed with 
ordinary mechanical force. It has. however, the sinction of Maxwell’s classical treatise, and is less 
cumbrous than ‘strength of magnetic field’. If regarded as a compound expression, magnotio- 
force it is easy to distinguish it from a mechanical force. 
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Magnetic force is a quantity of a different kind from a mechanical 
force ; it is measured, not in dynes, but in dynes per unit pole.^ 

The magnetic moment M of a magnet is the moment of the couple 
required to I.ohl the magnet with its axis at right angles to a magnetic 
held of unit intensity. The magnetic moment of a simple magnet is 
equal to the product of the pole strength m and the distance between 

the poles. 

Assuming ideal point-poles at S and S we find M=m x NS. 

§ 2. PLOTTINO Magnetic Fields 

A line of magnetic force is a line drawn in a magnetic field, such 
that its direction at any point of its length is the direction of the 
resultant magnetic force at that point, or the tangent to the curve 
j)oints in the direction in which a small magnet would set itself if placed 
at that point. The positive direction of a line of force is the direction 
in which a north pole would be urged. Lines of magnetic force may 
be regarded as starting from north magnetic poles and as ending at 
south magnetic poles. Lines passing completely through the substance 
of tl>e magnet so as to form closed curves are known as lines of magnetic 
induction. 

Lines of magnetic force in air may be traced experimentally either 
by means of iron filings or by means of a compass needle. 

Exrr. 184. Plotting Magnetic Fields with Iron Filings.—A sheet of 
jilass is supported in a horizontal position on two strips of wood placed 
on the table, and one or more mapneks are arranged below it. A sheet 
of paper is then placed on the pla.s.s, and fine iron filings are du.sted on 
to the paper through a piece of muslin. If the glass is tapped gently, 
the filings will urranpe themselves in the direction of the lines of force. 
Exainirio in this way the fieltl of (u) one pole of a long ball-ended magnet, 
(6) H strong bar rnugnet, (c) two bar magnets placed in various positions. 

If a permanent record of tlio lines is desired, it can be secured by 
using n piece of paper which has been soaked in parafTin wax. On gently 
warming the glass plate the filings adhere to the paraffin. Another 
metho<l is to obtain a photograph of the filings, using a camera pointing 
vertically downwards ; or a print on ‘ blue ’ paper can be obtained easily 
by usirig a s«*nsiti.scd paper to receive the filings and afterwards exposing 
and developing in tlio usual way. 


PLOTTING LINES OF MAGNETIC FORCE WITH A 

COMPASS NEEDLE 

It is most instructive to plot tlie lines of magnetic force in various 
cases, using a small compass needle. The ‘ charm ’ compasses, in which 
both the top and bottom face are of glass, are most convenient for this 

^ Thid unit o( ticid strength was formerly called the gauss* bat later tbo name oersted was 
approved. 
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purpose. Such compasses sliould be liaiulled by the rim and not by 
tlie glass faces. 

Fix a large sheet of drawing paper to a tlrawing board, and place 
the latter so that one edge coincides with the edge of the table. The 
board may then be replaced in the same }>osition if it should be moved 
accidentally in the course of the experiment. 

Place the compass on the paper, and when it has come to rest 
make a dot with a pencil opposite each end of the needle. Then shift 
the compass so that the S. pole lies just above the dot which was near 
the N. pole, and make another dot near the new position of the N. pole. 
Repeat this process, so that a row of dots is marked on the ])aper. 
Draw a freehand line passing through the row of dots. This will 
represent one line of magnetic force. Repeat the process about 2 cm. 
from this line and obtain a second line. In the same way draw a thirtl 
line of magnetic force about 2 cm. from the second. If the magnetic 
field is due to the earth alone, the three lines thus obtained should be 
approximately straight and parallel to one another, since, in the com¬ 
paratively small space occupied by the drawing board, the earth's 
field may be considered uniform. 

If tlie field is plotted in the vicinity of any magnetic material or 
near to a conductor carrying a current, the field obtained is more 
complex in character than that just described. The lines of force 
obtained will represent the resxUtant field due to the superposition of 
the field of the earth and the field of the magnetic material or of the 
current. The fines of force will be curved in various ways, depending 
on the nature of the fields and on the manner in which they are super¬ 
posed. 

Lines of force starting close together will diverge considerably at 
points along their lengths, and may converge again where they re-enter 
the magnetic material. As the lines diverge the field is weakened, 
and some idea can be obtained of the relative intensity of the field at 
various points by noting the extent to which two fines, originally close 
togetlier, have diverged by the time they have reached the points in 

question. 

It is important to remember that lines of magnetic force cannot 
cross one another ; for, if they did, the magnetic force at the point 
of intersection would be in two different directions at the same time. 
In general, there will be a fine of force passing through any point 
chosen ; there are, however, exceptional cases in which the fines of 
force seem to avoid certain points, and no line will be found to pass 
through these points. If there is no fine of force passing through a 
point, the magnetic force at that point is zero. Such a point in a 
magnetic field is called a neutral or a null point. 

In the neighbourhood of such a point the magnetic field is extremely 
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weik iiiHl it is tlirroforc difficult to determine the direction in which 
the compass needle tends to point. Accordingly when a neutral point 
is suspected, the lines of force should first of all be plotted at some 

distance from it, where the field is stronger, 
and afterwards the lines plotted should ap¬ 
proach nearer and nearer to the neutral point. 
// IS impossible to find the neutral point by find¬ 
ing the place where the needle will point in any 

direction. 

A neutral point is enclosed generally by four 

sets of lines of force, forming a curvilinear 

quadrilateral. By continually diminishing the 

8 l 7 e of the qua<lrilateral the position of the 
Ki.i. VM- Neutral I'uiut pan be found with considerable 

aeeuraev. It will be shown later how information of importance can 
be obtained by finding the position of such a point in certain par¬ 
ticular cases. 

Vkvt Plotting the Lines of Magnetic Force due to the Earth’s 

Field—To find tlio character of the lines of magrietic force due to the 
earth s field select a position at a distance from iron girders, pip^. or 
stoves and remove all magnets, or masses of iron, from the neighbour- 
liood ’ Starting from one edge of the paper, obtain a row of dots ^ 
Jlescribed above. In the absence of disturbing magnets these dots should 
lie nearly on a straight line. Starting again about 2 cm. from tb»s 
repeat the proce-ss and obtain a second line of force. Draw about half a 
dozen linos in this way. and verify the fact that the held 
uniform by sliowing that the lines are nearly straight and 
<lirection thus obtained is the direction of the magnetic meridian at the 
place where the experiment is carried out. 

Expt. 18G. Plotting the Lines of Magnetic Force due to a Bar Magnet 
and the Earth together.—Place a magnet in any position on a drawing 
board coveretl with paper, and plot round it the field due to the mapiet 
nnrl the earth’s magnetism together. Before beginning to trace the linM 
of force, mark the position of the magnet on the paper so that it can be 
put back in its proper position if accidentally displaced. Sorne judgment 
is reciuired in choosing the starting-points for the separata lines so that 
they may be neither too widely separated nor too closely packed together. 
Wherever two lines are converging at a small angle to a pair of pointe 
clo.so together, it is unnecessary to plot a third line between them in 
view of the fact that lines of force cannot cross. 

In general, two neutral points will be found in the field near to a bar 
magnet, for there are two points at which the magnetic field due to the 
magnet exactly counterbalances the earth’s field. The^ position of these 
two points relative to the magnet depends on the position of the magnet 
relative to the earth’s field, ami if possible the field of the same magnet 
should be plotted with the magnet in various positions. Special inter^t 
arises when the magnet occupies a s},mrimetrical position with regard to the 
magnetic meridian, being cither perpendicular or parallel to the lines of force 
due to the earth’s field. It is suggested that the field should be plotted in 
each of these positions, and also in one or two positions where the magnet 
lies unsymmetrically across the earth’s lines of force. 
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FIELD DUE TO A SINGLE POLE IN THE EARTH’S FIELD 

Tlic strength of the magnetic field at a distance r cm. from an 
ideal point pole m is mjr-, and varies inversely as the square of the 
distance from the pole. 

In experimenting with a single magnetic pole it is convenient to 
make use of a verj*^ long (50 to 100 cm.) ball-ended magnet, so that the 
second pole may be placed so far away from the place where the test 
is being made that its effect maj’ be neglected. 

187. Field due to a Single Pole in the Earth’s Field.—For the 
pre.sent experiment, support the magnet in a stand of wood with its 
axis vertical. Let tlio lower pole rest on n sheet of drawing paper fixed 
to a horizontal drawing board. Plot the line.s of force dne to the com¬ 
bined action of this pole and the horizontal component of the earth's 
magnetic field. Determine carefully the position of tb<‘ neutral [>oint, 
and mea.sui*e the <listance (r cm.) between tbi.s point and the pole. 

At this point the magnetic force due to the pole of strength m is 
?n/r*. But at the neutral point this is equal to H, the horizontal 
component of the earth’s field. Thus w/r-s=H, or m = Hr'*. Assuming 
H to be known, m can he calculated. A typical value is H =018 dyne 
per unit pole. 


FIELD DUE TO A BAR MAGNET IN THE EARTH’S FIELD 

Position I.—The magnet is placed on a horizontal surface with its 
axis in the magnetic meridian and its 7iortk pole pointing to the 7U>rth. 
In this position there is a neutral point on either side of the magnetic 
axis, where the horizontal component due to the earth’s magnetism 
is balanced exactly by the magnetic force of the magnet. 

If the bar is magnetised uniformly its poles will be equidistant 
from the centre. The poles of a bar magnet are not at the extreme 
ends of the bar. Their positions must be found experimentally by 
drawing the lines of force near the ends of the bar and determining the 
points where the directions of the lines approximately meet (Fig. 197). 



Flo. 197.—Poles of Bar Mngoct 


The neutral points will lie in a line drawn through the centre, midway 
between the two poles at right angles to the length. 
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Lot 1- roprosont the position of a nontral pomt at a distance d cm. 

poTtn at'^N^is*to m/d- along 
NP. The magnetic force duo to a polo - m at S is equal to m/ a ong 



Fio. 108.—Neutral Point in the Faarth's Field 


The resultant of tlieso two equal forces bisects the angle 26 between them, 
and is ovi<lcntly perpendicular to OP. Its magnitude is 


F = 2 


m 

d‘ 


« I 

cos 0=2^,^ 


M 


since M, the magnetic momenta 2m/. The formula for F is cxacl provided 

fl is measured from the poles. ^ ^ . -ry tt xt. i. 

But P is a ‘ neutral point ’ ; therefore at P the field F —H, the hori¬ 
zontal intensity of the earth’s field ; 

M 




= H. 


>r M = Hi/3. 

ExPT. 188. Determination of the Magnetic Moment of a Bar Magnet, 
Neutral Point Method I.—Plot the lines of force due to a bar magnet by 
means of a small compass, when the magnet is placed in the magneUc 
meridian with its N. pole pointing towards the north! Determine the 
po.sitions of the neutral points as accurately as possible, and measure the 
distances from the poles. Calculate the magnetic moment of the magnet 
from the equation 

M = Hd>. 

As a typical value H may be taken as 0 18 dyne per unit pole, but 
if possible use the local value ; d must be in centimetres. 

Measure the distance between the two poles, and deduce the pole 
strength m of the magnet. 

Position II.—^The magnet is placed in the magnetic meridian with 
its N. pole pointing towards the south. Two neutral points will be 
found somewhere on the axis of the magnet produced. If the mean 
distance of a neutral point from the centre of the magnet be r, the 

< A ball-ended magnet^ when carefully magnetised* gives a closer approximation to the ideal 
magnetic dipole. 
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2M 


magnetic force due to the magnet is in this case F =“'3 , approximalehj 
(p. 343). Consequently at a neutral point 


2M 


= H, approximately, 


and therefore 


TJ 3 

M = , approximately. 


Expt. 180. Determination of the Magnetic Moment of a Bar Magnet, 
Neutral Point Method II.—Place a bar inapnct with its axis in tlie inag- 
netic meridian, and its N. pole pointing towards the south. Plot the 
lines of magnetic force, using a .small compass, and find the positions 
of the neutral points. Measure the distance from each neutral point to 
the centre of the magnet, and deduce the value of tlie magnetic moment. 


Position III.—The magnet is placed in any position in the magnetic 
field of the earth. Two neutral points will be found symmetrically 

situated with regard to the 


centre of tlie magnet. The 
resultant magnetic field may 
be regarded as due to three 
forces : one due to the earth, 
which is supposed known in 
direction and magnitude, 
and two due to the mag¬ 
netic poles in the direction of 
the lines joining the point to 
the poles. If the point in 
question is a neutral point, 


N 


w 





Fio. 190.—JTcutrftl Points In the Earth's Field 


these three forces must be in equilibrium. By resolving tlie forces in a 
direction parallel to the earth’s field we can obtain an expression for 
the strength of a magnetic pole in terms of distances and angles which 
can all be measured from the diagram. 

If the magnet lies in some such position as is shown in Fig. 199 (the 
axis east and west is convenient), the neutral points will be found as at 

^ ^Draw a lino through A pointing towards the magnetic north. Join 
AS(r,) and AN(rj). If the angles made by AS and AN with the magnetic 
meridian at A are and 0, respectively, and m is the polo strength— 


and 


F = -^ cos 01 - cos 02 , 

ri“ rj* 

F = H = 0 18 (say) dyne per unit pole. 


By measuring ri and r„ e^ and 0*, m can be calculated. , 

The proof of this expression is left as an exercise for the student. 

Expt 190. Determination of the Magnetic Moment of a Bar Magnet, 
Neutral Point Method III.—Place a bar ma^et with its axis east and 
west. Plot the lines of magnetic force, and find the positions of the 
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pf)ints u.s uooiiratoU' as jxissible. Measure r, anci r*, 0,. 

for r«r/» neutral imint, atul cle<luce the value of m, the pole strength in 

eac li case. 


§ 3. Maonetic Axis and Magnetic Meridian 

When a magnet is suspended so that it can turn freely about a 
vertical axis, a certain direction fixed with regard to the magnet tends 
to become parallel to a certain direction fixed with regard to the earth. 
Tlie direction fixed relatively to the magnet is the direction of the 
magnetic ayis of the magnet; the direction fixed relatively to the 
earth is the direction of the magnetic meridian. In the case of a long, 
tliin magnet, the magnetic axis ma3'^ be taken to correspond with the 
direction of the lengtli of the magnet, but in the case of a broader 
magnet—an onlinary bar magnet—it is not allowable to assume that 
tlie direction of the magnetic axis coincides with the direction of 
s^'inmetry. The following experiment illustrates the method used in 
magnetic observatories for determining the magnetic axis of a magnet 
and the magnetic meridian. 

Ill oi'cler to take an extreme case, we construct a magnetised disk whose 
magnetic axis is quite unknown. To do this, a light bar magnet is enclosed 
in a Hat circular wooden box, so that its position is concealetl entirely. A 

reference line is traced on each flat face of 
the box, joining two points, A and B, at 
opposite entls of a diameter (Fig. 200). The 
problem is to Hn<i the angle between the axis 
of the concealed magnet (or of the whole disk) 
and this reference line. 

Expt. 191. Determinatdon of the Magnetic 
Axis of a Magnet and the Magnetic Meridian 
at any Place.—The magnetised disk is sus- 
pende<l from the centre of one face by a fine 
thread, which should be as free from 
torsion as possible. If the thread is not 
torsionless there will be a couple acting on 
the disk due to the torsion of the suspension, 
Fio. 200.—MngnetUed Disk and the po.sition of rest of the disk will be 

determined by the action of this couple in 
addition to the magnetic couple due to the earth’s field. A sheet of 
paper xa fixed horizontally, immediately below but not in contact w’ith 
the disk. The position of the reference line when the disk has come to 
rest rnust be marked on the paper. It is not necessary, how'ever, to 
wait till the plate comes to rest of its own accord. Notice the positions 
of the extremities of its swings, and then gently check the motion 
halfway between these two positions. In order to mark the position of 
re.st of the reference line accurately on the paper, it is convenient to have 
a metal pointer fixed to the circumference of the plate at each end of the 
^ ® sucli as A'B' is thus obtained on the paper. 

The plate should then be turned upside down and suspended from the 

position of the reference line determined ; 

let this be (Fig. 201). 

No lines should be drawn on the plate itself. 
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In this way two lines, A’B', A^B", are <)btainecl on the paj^er, these 
lines being inclined to one another at a definite angle. A little consideration 
will show that the direction of the magnetic axis 
must bisect the angle between the two lines, for the 
magnetic axis coincides with the fixctl meridian, and 
the reference line must bo at the same angle with the 
meridian on one side in the first case, as it Ls on the 
other side in the second case. 

As there are two bisectors between the lines AA' 
and BB' it is necessary to determine which of the two 
coincides with the meridian. 

The points A' and A" were made by the same 
pointer A, one for each position of the plate. Similarly 
B' and B" weie both made by the pointer at B on the 
plate. Thus in revereing the plate and allowing it to 
take up its second position of equilibrium, it has 
virtuallv been rotated about the diameter passing 

midwav A' and A^ and B' and Hence the line marked ^S m the 

diagram bisecting A'OA' and B'CE" is the magnetic axis of the plate and 
the magnetic meridian. 

Measure with a protractor the angle between the lino on the i)aper 
representing the magnetic axis (or the magnetic meruhan) and the 
reference line A'B'. 

Measure also the angle between the magnetic meridian and some line 
fixed in the room such as the edge of a laboratory table. 



I'lO. 201.—Maguctic 
MeriOUu 


§ 4. Tractive Force for a Bar Magnet 


Measurements of tlie tractive force at different points in the lengtli 
of a magnet were made by Coulomb. He observed the weights of iron 
which could be supported at the points. His results may be represented 
by a curve of the form shown in Fig. 202, in which the ordinates are 
proportional to the force at different points in the length. If the distri¬ 
bution of magnetism is uniform the curve is symmetrical about C, the 

centre of the magnet. 


Expt 192. Determination of the Distribution of Tractive Force along 
a Bar Magnet.—Mark off the magnet into, say, 10 equal parts, and place 
“ it on a levelling table beneath the scale- 

pan of a ‘ hydrostatic ’ balance. From 
the hook of the scale-pan suspend a 
small iron ball. Adjust the levelling 
table so that the pointer of the 
balance is near the middle of the scale 
when the ball is in contact with the 
magnet, and then find the weight that 
must be placed in the other scale-pan 
in order to separate the ball from the 
magnet. Repeat the observ'ation with 
the ball at different points marked in the length of the magnet. 

The attraction depends largely on the closeness of contact between 
the ball and the magnet; any grease or dirt between them may dimmish 
the force bv several grams-weight. The ball may be rubbed slightly 
across the breadth of the magnet in puttmg it into position, thus re- 
moving any dirt and ensuring greater consistency m the observations. 



O C X 

FlQ. 202.—Tractive Force of Bar Magnet 
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Tn order to prevent injmv to the balance when the iron ball leaves 

the magnet, tlu- weights must be *ul.led very carefully and wooden 

1,locks must be placet! under the scale-pan containing them, so as to 

limit the movement of the balance. 

Determine the weight of the ball wlien the magnet is not near it. 



This weight must be subtracted from the weights observed in the previous 
observations, so as to give the force due to the attraction of the magneL 
Plot a curve showing the attraction at different points in the length- 

of the magnet. 

Instead of using a hydrostatic balance in this experiment, a spring 
balance may be employed. In this case the levelling table may be lowered, 
or, keeping the magnet fixed, the spring balance may be raised gently till 
tlie ball leaves the magnet. The reading of the spring balance must be 
taken just a.s the separation occurs. 


CARE OF MAGNETS 

General weakening or demagnetisation of magnets can be produced by 
mechanical shocks or rough treatment of any kind, also by heating or by 
placing magnets close together without due regard to their polarity. Con¬ 
sequent poles can be produced by bringing a strong magnet close to the 
side of a weaker magnet. \Mien not in use bar magnets should be kept 
in pairs in suitable boxes, with oppofdte poles adjacent and with ‘ keepers ’ 
bridging the poles at each end ; horse-shoe magnets should also be provided 
with keepers. The keepers should be applied gently and not allowed to 
' snap ’ into position against the poles. Ball-ended magnets may be kept 
in pairs with opposite poles in contact. 




CHAPTER IT 


MAGNETOMETRY 


§ 1. The Deflection Magnetometer 

In its simplest form the magnetometer consists of a pivoted or sus¬ 
pended magnetic needle, free to turn about a vertical axis, and provided 
Mitli a circular graduated scale for measuring deflection. Tlie noodle 
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and circular scale are contained usually in a case of wood or of brass, 
jjrovided with a glass top, through which the reading can be taken. 
A long, light pointer pp' is fitted to tlic needle, so that the movement 
of the needle may be measured over a circle of large diameter although 
the needle itself'is small : the circle is usually large enough to give 
readings accurate to about 1® of angle. In order to avoid parallax in 
reading the position of the pointer, the base of the magnetometer is 
provided generally with a plane mirror. In taking a reading, the eye 
of the observer must be placed in such a position that the reflection 
of the pointer is hidden by the pointer itself ; the ob.server will then 
be looking straiglit down on the scale, and the true reading will be 

obtained. 

For very accurate work a mirror magnetometer is used in conjunction 
with a lamp and scale. In this form there is a mirror fixed to the needle, 
a beam of light from the lamp strikes this mirror, and the motion of 
the reflected beam over the scale is used to measure the deflection of 
the needle. The beam of light serves as a long weightless pointer, the 

angle it turns through being twice the deflection of the needle (p. 193). 
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'I’ho ina^'tu'tonieter is iisually set up so that tlic zero reading is 
obtained when tijc needle is under tlie influence only of the horizontal 
eoniponent H of the earth s magnetic field. A second field of strength 
F, in a <lire( tion at riglit angles to H, is then applied to the needle, say 
1)V means of a magnet placed in the neighbourljood of the instrument. 
The pointer is thus deflected tlirough an angle 6. By measuring this 
angle wo can determine tlie relation between F and H. For this pur¬ 
pose the following important theorem is reejuired :— 

Fdy$ies per unit poie 



When a magnet is placed in a magnetic field due to the super- 
I)o.sition of two mutually perpendicular magnetic fields botli of which 
are uniform, its |)osition is determined by the relation 

F 

jj = tan 6y 


where F and H arc the strengths of the magnetic fields and $ is the angle 
between the axis of the magnet and the direction of tlie field H. 

Let NS (Fig. 205) repre.seiit the magnet, whoso polo strength i.s m. 
The N pole is under the action of two forces, viz. mH djmes parallel to 
H, and mF dynes parallel to F. The S polo is under the action of equal 
forces in the contrary son.se. These force.s con.stitute couples which keep 
tliG magnet in a position of equilibrium. 

Taking moments about the centre O of the magnet we get 

mF X OA = mH x OB, 


or 


F OB AN 
H OA”OA 


and consequently 


= tan 0, 

F = H tan 0. 


Thus if we know the ratio of F to H, we can calculate the angle d ; 
and if we know the strength of the field H and can observe the angle 6y 
we can determine the strength of the field F. 

In most experiments of this kind the field F is only approximately 
uniform. For this reason it is important that the needle of the magneto- 
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meter sliould not be too long. If tlie needle is short only a small error 
is introduced by treating the field F as uniform. 


§2. Comparison of Magnetic Fields by the Magnetometer 

Expt. 103A. Field due to a Single Pole of a Vertical Magnet.—In this 
experiment the long ball-endeil magnet described previously (p. 3.11) 
should be used. As the intention i.s to examine the effect of one pole 
only, the second pole must be placed in such a position that it will liaxi- 
no effect on the reading of the magnotoineter. This can bo done by 
supporting the magnet verticallv in a wooden stand. 

Find the magnetic meridian'by means of the magnetometer needle. 
Place a metre scale on the table at right angles to the meridian, ami put 
the magnetometer box on the scale so that the centre of the box is directly 
abov’e the central division of the scale. Carefully adjust the box nn<l the 
metre scale so that the pointer is at the zero division, and the scale points 
exactly east and west (inagnoticully). In some fonns of magnetometer 
the metro scale is fitted permanently (AB, Fig. 204). 

The upper j>ale of the magnet is at a considerable distance (approxi¬ 
mately 1 metre) from the magnetometer, while the lower polo is at a much 
smaller distance. If. for instance, the lower pole is 20 cm. from the inagmdo- 
meter, the magnetic force due to the upper pole is not greater than 4 per 
cent of the force ilue to the lower pole. By placing the magnet verticull,\-, 
the horizontal component of the force <hie to the upper polo at the magneto¬ 
meter is reduced to about j-th of the total force due to it when the distance 
of the magnetometer is greatest. 

The extreme value of the horizontal force due to the upper pole is 
thus reduced to less than 1 per cent of the force due to the lower pole, an 
error which is much below the probable errors of reading. 



Expt. 103B. Field due to a Single Pole of a Tilted Magnet.—If the 
magnet is tilted somewhat so as to bring the upper pole over the nude Me 
of the magnetometer (Fig. 200). any horizontal force due to it may be 
quite eliminated. If the magnet is 
long enovigh this is not absolutely 
necessary, as will be seen from the 
above. For a shorter magnet the 
method of tilting should be used. 

The first pole of the magnet must 
be on tlio metre scale, so that its field 
at the magnetometer lies east and 
west. In this position it will produce 
a magnetic force F = wi/r* at the centre 

of the magnetometer, if m is the * , ooiv 

strength of the pole and r its distance from that centre (p. 331). 
Consequently a deflection d will be produced, given by t = H tan 0, or 
= tan 0. Hence r* tan 0 = 7n/H = a constant for the particular 

strength of polo under test in a given field. 

Consequently, if we take a series of readmgs of r and B, reading both 
ends of the pointer, we should find that r* tan B is constant. 

Tabulate the results under the headings : r, 6, tan B, r* tan B. 

If tlie numbers in the last column of the table are approximatel^y con¬ 
stant. the result may be regarded as a verification of the law that the 
magnetic force due to a single pole varies inversely as the square of the distance from 

the pole. 


FlO. 200,—Field due to Siiijfle l^ole 
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Assuming this inverse square law t«> he true, it is possible to calculate 
th«‘ strength of the held <Uio to u bar magnet (pp. 343*344), l>ut wo shall in 
the tirst [ilaco employ an experimental treatment for a short magnet. 

11I4A. Field due to a Short Bar Magnet end-on.—Place the 
magnet, which should bo strongly rnagnctisetl, on the metro scale with 
its axis pointing oust and west (Pig. 207). In this ‘ cnd*on ’ position it 
will produce a magnetic hold at the magnetometer pointing east and 
west, and of tho approximate strength F - 2M/r*, where M is its magnetic 
moment and r is the distance from the centre of the magnetometer to the 
centre of the magnet. This is only true provided the length oj the magnet 
is .small in comparison xvi*h the distance r. 

The mugnotometer nee<lle will be deflected through an angle 0 given 
b>' F = H tan 0, so that 2M/r’= H tan 0. Hence r® tan 0 = 2>1/H = a 
constant for tho particular magnet under test. 

N'oto the tlistanco r and read the deflection 0 for both ends of the 
pointer. Now' turn tho magnet eml for end, keeping its centre at the 
.sumo point, and take two more rea<lings. Take the mean of these 
leadings as tho true deflection. Tabulate the results under the headings : 
r, 0, tan 0, r® tan 0. Tho vaiue.s obtained in the last column will be 
approximately constant. 

'I'liis shows that the strength of the field along the axis of a short bar magnet 
varies inversely as the cube of the distance from the centre of the magnet. 

Fxpt. 10413. Field due to short Bar Magnet broadstde-on.—This ex- 
p«'i-iment is similar to the previous one, but the magnet is placed in the 
broucl.side-on position (Fig. 209). In this position F = M/r’ for a short 
bar magnet. 


§ 3. Comparison of Magnetic Moments by the Magneto¬ 
meter. Elementary Treatment 

When a magnet is placed in a uniform field of strength H, its axis 
being at right angles to the field, it experiences a mechanical couple 
proportional to H. The ratio of this couple to the strength of the 
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Fio. 207.—* End*on * Position. Method of Tangents 

field is the magnetic moment M or the turning moment of the magnet. 

In the first instance an elementary discussion of the comparison 
of magnetic moments is given, on the assumption that the lengths of 
the magnets compared are small enough to be neglected in comparison 
with the distance from a magnet to the magnetometer. 
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Em>t. 195. Comparison of Magnetic Moments, using the * End-on ’ 
(or A) Position.—Place the magnetometer box on a metre scale laid flat 
on the table, so that the centre of the box coincitles with the centre of 
the scale, the zero line of the magnetometer pointing exactly along the 
length of the scale. Turn the scale round till it points east and west, as 
judged by the magnetometer needle (Fig. 2l>7). 

(i) Method of Tangents, or Method of Equal Distances.—Place the tii*st 

magnet (magnetic moment .M,) with its centre at a definite division on 

the metre .scale and with its axis pointing east and west. Tlie distance 

from the magnetometer mu.st be large compared with the length of the 

magnet, but must not be .so large as to give a very small deflection of 

the needle. A deflection anvwhere between 15' and 55' would bo suit* 

% 

able. Take readings of both ends of the ncetlle, taking care to avoid errors 
due to parallax. I^everse the magnet, end for end, keeping its centre at 
the same gra»luntion as before, and again read the position of the neetlle. 

Now l•(‘peat the observations with the magnet on the other side of 
the magnetometer at the same distance from it. Let the mean of all 
the readings bo 0,. 

Take readings in exactly the same way with the second magnet 
(magnetic moment Mj), placing the centre of the magnet in the positions 
occupi«Hi by the centre of the first magnet. Let the mean of all the.se 
readings bo d,. 

Now F, = and F, = H tan e„ and F^ = H tan 6,. 

rr, • . I tan 

Then, approximately, M, = tnn 9,' 

(ii) Method of no Deflection.—Tn this method the two magnets are 
used at the same time, one to the east, the other to the west f)f the 
magnetometer, and their distances from the magnetometer are a<ljusted 

N 

A 



FlQ. 208.—* End-on ’ Position. Method of no Deflection 


till there is no deflection of the needle. Pleasure the distances r^, r,, 
from the centre of the magnetometer to the centres of the magnets. 
Reverse the magnets, keeping rj unaltered, and readjust the second 
magnet till no deflection is given : r, may now have a slightly different 
value. Take the moan of the two values of r^. 


Now F| 



2^r 


, ami since the deflection is zero F, = Fj. 


Then, approximately, 


M, r,»* 


Expt. 196. Comparison of Magnetic Moments, using the ‘ Broadside- 
on ' (or B) Position.—Turn the metre scale till it lies in the magnetic 
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inon.liiui, tlio inapu'toriiotor box bc-inR still at tho centre of the scale. 
I„ Older that the pointer may still point to the zero of the circular 
si ale tho box also nuist be turned tlu-ough a right angle on tho metre 

(i) Method of Tangents, or Method of Equal Distances.—Place the 
fii^t magnet on the metre scale with its axis pointing east and west, and 
na<l the position of the pointer. Reverse the magnet end for end and 
again take readings (Fig. 209). 

Repeat tlie observations with tlie magnet on the other side ot the 
magnetometer at the .same distance from it. Let the mean of all the 

readings be 0,. . 

'Fake readings in the same way with the second magnet at the same 

distance from the magnetometer, and let the mean be 0j. 


N 



s 

Fio. 200.—' UrondHWc-on ' Position. 
MethfKl of Taiiffcnto 



Fio. 210.—' Broadside*on * Position. 
Method of uo Deflection 


Now and = 

r* r* 


and Fi = H tan and F 2 = H tan 


Then, approximately, 


M,_tan 0| 
Mj tan 6^ 


(ii) Method of no Deflection.—One magnet is placed to the north, 
the other to tho south of the magnetometer, and their distances, fj, 
from the magnetometer are adjusted till tliere is no deflection of the 
needle (Fig. 210). Reverse the magnets, keeping r, constant, and take 
the mean of the values of r,. Both magnets must be pointing east and 
west. 
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Xow Fj and F 2 are C(jnal, and 



Tlien, approximately, 


Ml Mo 


Thus there are in all four different methods of making the com¬ 
parison, two in the ‘ end-on two in tlie ' broadside-on ’ position. In 
all cases the axes of the magnets under examination point east and west. 


§ 4. Comparison of Magnetic Moments by the Magneto¬ 
meter. More Advanced Tre.4Tment 

A. Magnetic Force at a Point on the Axis of the Magnet — ‘ End- 
on ’ Position.—The magnetic moment M of a magnet length 21, poles f m 
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and - wi, is 2lm. The force on unit north magnetic pole at P is 

m m 


repulsion from N, 
and 

attraction towards S. 


NP2 {r~lf 


m 


m 


SP- (r-j-0- 


Thc resultant magnetic force at P is in the direction, OP, and 

m m 


F = 


(r-O* (7- + /)=^ 

m 


(r2-/2)2 

m-irl 


2Mr 


{r2_/2)2 (r2-/2)2' 

When r is largo compared with I the term in may be neglected, 
and the expression becomes 

F = (approximately). 


B. Magnetic Force at a Point in the Equatorial Plane of the Magnet 
— ‘Broadside-on’ Position.—In this case the point P is in a line 
bisecting the magnet at right angles (Fig. 212). The components of the 
magnetic force at P are m/NP^ along NP and m/SP* along PS. 
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Karli of those cnmponojits, which are ot|ual in magnitude, may’ he 
resolved into for<-es along and perpendicular to OP. The forces in the 
direction OP balance one another. The forces at right angles to OP 
give 

U Tic-ri ON '2ml M 

^ “N P^ P^O + yp, cos P&O - j^ipa - (^2 + ;2j5’ 

M 


or 


F = 


approximately.^ wlien r is large compared with 1. 

We comijare the magnetic force F due to the magnet with the 

horizontal force H of the earth by the expression 
F = H tan 6 (p. 338). We assume that the needle 
of the magnetometer is so small that the field 
near it inav he considered uniform. 

The foregoing results provide four different 
methods for comparing the magnetic moments of 
two magnets by means of the magnetometer. For 
further experimental details see p. 341. 

Expt. 107. Comparison of Magnetic Moments, 
using the ‘ £nd>on ’ Position (correspondinc with 
Expt. 105). 



Flo, 21l».—‘ IJro.'iiUMe.on 
I'ositloa 


(i) Method of Tangents, or Method of Equal Distances. 
—Place each magnet in turn at the .'^ame distance 
r from the magnetometer, arranging the magnet 
so that its axis passes through the centre of the needle, and is at right 
angles to the magnetic meridian. The deflecting magnet must be placed 
with its axis pointing east and west. When the latter adjustment is 
.secured the magnet prochices the maximum deflection of the needle. 

Observe the two deflections 0, and 6^ of the pointer. 

rp, -c, 2M,r, - _ 2M,r, 

Then and Fg - and in tins case = r, = r (say). 


Hence 


F, _2M,r/(r»-/,»)* H tan 9 , 
F, 2.M.r/(r» - H'tan 9 ]' 

tan d, 


Ms (r* - /,*)* tan d. 

If the magnets are of approximately the same length, then 

M, _ tan 6^ 

Alt tan 0, 

Note that r is the distance from the centre of the deflecting magnet to 
the centre of the magnotoinoter needle. ® ^ 

th. Defl«tioi..--Arranpe the magnets in positions similar to 

t en. S no ^ '■'/ It** distances tUJ 

ttiCH. lb no deflection of the magnetometer needle. 

■ If NP=SP = cf. we soo that rM and eroe/ty. 



CH. II 


MAGNETOMETRY 


345 


If r, and r. are the distances, we have made l'j = F 2 , 


2M,r, 


2M,rj 


or 




If r^^ and are both large compared with I- this reduces to 


M 




Ekpt. 108. Comparison of Magnetic Moments using the ' Broadside- 
on ' Position (corresponding with Kxpt. 190). 

(i) Method of Tangents, or Method of Equal Distances.—Place eacli magnet 

in turn at the same distance r from the centre of the needle and oliserve 
tlio deflection produced in each case. Note again that the deflecting 
magnets nuust be placed with their axes pointing east and west. 

Then, generally. 



1 -rr. 

- —: and Fs=-*— 


la this case r, - Tj = r (say). 


P'l _ _ H tan 

l''2~M2/(r*+/,*)2”H'ta‘rr 9^ 

Mj _ (r*+fi*)j tan 6, 

Mb “ (rs + /2*)2 tan 9 ^ 

If (ho magnets are of approximately the same length, 

Mi _ tan 
Ai, tan ^2 

(ii) Method of no Deflection.—Place the magnets one on eitlier side of the 
neecllo with their centres north and south of it, and adju.st their distance.s 
until the magnetometer nee<Ile remains in the magnetic meritlian. 

If Tj and r, are the distances of the magnets from the needle, 


M, (V+V)?' 


If f, and /, are both small in comparison with r, this reduces to 



Note on making Observations of 0 and of r.—If thedeflecting magnet isnot mag¬ 
netised uniformly, its magnetic equator is nearer to one end than the other. 
The true distance r is therefore not the distance from the centre of the needle 
to the centre of the bar. Again, if the pivot of the needle is not exactly in 
the centre of the magnetometer box, the value taken for r will be wrong on 
this account also. To avoid errors due to these two causes, the deflection 
should be taken first with the magnet one way round, then with the magnet 
reversed. After this the magnet should be placed on the other side of the 
magnetometer at an equal distance r, and the needle deflection determined 
again for both positions of tlie magnet on this side. Each time the t\s'o ends 
of the pointer must be read so that eight readings of $ are taken ; the 
mean of the.se is taken ns the true deflection 0. 

In the method of no deflection one magnet must always be taken at 
the same distance r,. After taking r, to correspond with r„ both magnets 
mxist be reversed, when a new value of the second distance r, may be found 
to be necessary in order to get zero deflection. The magnets are then 
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[ilafo*! c»ii the »)tlu'r st<l<‘s of tlio magnetometer, and two more values of Tj 
me foun<l to gi\e y.vvn tlcflection when the first magnet is at a distance r|. 
The mean of the four values of r, is used in the calculations. 


HIBBERT S MAGNETIC BALANCE 

Couloml) investigated the law of force between magnetic poles by 
means of a torsion balance. A century later Hibbert designed an 
apparatus (Fig. 212a) which is a gravity balance, the force between 



two adjacent poles being balanced by the weight of an adjustable 
rider or sliding mass on the beam. Two magnets (preferably ball- 
eiuled) are used. The first or ‘ swinging ’ magnet, NiSj, serves as the 
balance beam, and it is held in a central block provided with steel 
pivots working in agate supports. More accurate results can be 
obtained if the block carries a pointer which moves over a graduated 
arc. The second or ‘ stationary ’ magnet, NgSg, is held horizontally in 
a frame which can slide on a vertical centimetre scale and is capable 
of fine adjustment. If the magnets are of sufficient length, the forces 
due to the poles Sj and Sg can be neglected. 

The rider is placed on the beam at some point P and the ‘ stationary * 
magnet is adjusted until the pointer oscillates about the centre of the 
arc. In equilibrium the moment of the force (F d 3 rnes) between the 
jK)lcs N„ Ng balances the moment of the weight {u} = -mg dynes) of the 
rider. Hence FxONi = w»xOP. From this equation the force F in 
djmes can be found and the value of Fr* calculated. If it is true that 

^ ~ J .2 ’ product Fr®" should be constant for a given pair of poles. 

The comparison of the pole strength of a number of magnets can 
be made by using Hibbert’s balance. 


I 




CHAPTER III 


THE OSCILLATIONS OF A MAGNET IN A 

MAGNETIC FIELD 


§ 1. Comparison- of Magnetic Fields by Oscillations 


When a magnet is suspended so that it can oscillate about an axis 
of symmetry in a uniform magnetic field, the motion is very nearly 
Simple Harmonic provided the angular swings arc small. The time 
of one complete vibration is given by the formula (deduced on the 
assumption that the motion is approximately Simple Harmonic 
Motion, p. 128), 

T=277 /X. 

V MH 

where T is the periodic time, 

I is the moment of inertia about the chosen axis, 

M is the magnetic moment, 

H is the strength of the magnetic field. 

If the same magnet be set in oscillation at various points of a 
magnetic field, I and M remain constant, but T and H vary. The 
formula show's that 


t 

HT2- 


477*1 

M 


= C (where C is a constant). 


Thus if the value of the constant C be determined once for all by 
making the magnet oscillate in a magnetic field of known strength, 
tlie strength of any other field may be found by finding the value of 
T in that field. 


Expt. 199. Determination of the Strength of the Field at any Point 
assuming the Earth’s Field known.—The oscillating needle used in this 
experiment is a small steel magnet only about 2 cm. in length mounted 
horizontally in a small brass stem suspended by a single silk fibre. A 
heav'y short piece of ‘ rat-tail ’ file is suitable as the needle. A light 
aluminium pointer may be attached to the stem in order to make it 
easier to ob.seiwe the oscillations. The apparatus should be protected 
from air currents by a glass shade. Place the apparatus on a table 
remote from mas.ses of iron such as iron pipes, stoves, etc. Remove all 
other magnets, including knives and keys, from the neighbourhood. 
Set the needle oscillating by bringing a magnet momentarily near to it, 
but do not allow the amplitude of the oscillations to exceed a few degrees, 
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ns tlio motion approximates to Simple Harmonic Motion only when the 
juiiplitinlc' is small. Observe the time taken for the needle to complete a 
number of complete* oscilljjtions (40 or 50 should bo observed if possible), 
and calculate tlie tim#? To for one complete oscillation. 

A.ssumin^i Ho, the horizontal com[)oticnt. of the earth’s magnetic field, 
to bo known, find the value of the constant C by means of the equation 

HoTo> = C. 

'Phe object of the experiment is to determine H, the horizontal field 
at some other place. Move the apparatus to the spot where the strength 
of the field is to be measured, and again observe the time T of an oscilla- 
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lion. Using the value of C just found, determine the value of H from 
HT* = C. In this way a magnetic survey of the laboratory can be 
carried out. 


ELIMINATION OF THE EFFECT OF THE EARTH’S FIELD 

It is frequently necessary to compare two fields neither of which 
is known. This could be done as already described if the two fields 
could be isolated, but in general this cannot be done, and the needle 
would have to oscillate in a field compounded of the earth’s field and 
one or other of the fields to be compared. 

If one of tlie fields (F) is arranged parallel to the earth’s field (Hq) 
the resultant field (H) will be either the sum or the difference of F 
and Ho : the needle can now be allowetl to oscillate in this compound 
field and its period of swing (T) determined. It is important to note 
that greater accuracy is obtained if the composite field is made the 
sum of F and Hq. If possible, therefore, the field F should be arranged 
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so as to assist the cartli’s field, so that tlie needle oseillates more rapidly 
tlian ill tlie earth’s field alone, and still points in the same direction as 
when in the earth's field. 

If Tfl. the period of swing in the earth's field, be known, we have, 
from the fundamental equation, 


and 


o _ ^ 

-1*0 ”• rp 

- o" 



But 

or 

Therefore 


H=Ho + F, 




= H-Ho. 

_ C _ C 


or 





When two fields and F 2 are to be compared they must be com¬ 
bined separately with the cartli’s horizontal field Hq in sucli a way 
as to assist it. The jicriods of swing of the neeillc are determined in 
the two compound fields, and tlie ratio of Fj to Fg is given by 

(1 -11 

F. IV Vf 

F.-rr^' 

IV V/ 

The student is required to deduce this expression from the dis¬ 
cussion detailed above. 


Expt. 200. Verification of the Law of Force for a Single Magnetic 
Pole.—Observe the time taken for the oscillating needle to execute fifty 
complete swings when all other magnets are removed from its noighbomk 
hoo<l. The needle should be protected from drauglits, an<l tlie amplitude 
of the oscillations should not exceed a few degrees. 

Let the time of vibration in this case be T^, the strength of the field 
Hu being due to the earth’s magnetism. 

Then HoTu* = C (C being a constant). 

If Ho is known the value of C could be calculated from this equation, 
but as it cancels out in the working of the results it is unnecessary to 
do this. 

We have then the relation that 



Next take one of the very long ball-ended magnets already referred 
to, and support it vertically in a wooden stand. Place the lower pole 
somewhere along a line passing through the centre of the needle, and 
directed north and south (magnetic). 

The needle now swings either more or less rapidly than before, or it 
may perhaps try to turn round end for end ; this depends on the nature 
of the pole and the position in wliich it is placed. 
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It is important to note that tlie pole should bo placed in such a 
position that the <js<:illating netHlIe points in the same ilircction as when 
in the earth’s held alone, and has a shortt r pvTiod of swing than before. 

Since tlie perioti of oscillation is smaller, the fiehl H in which the 
magnet oscillates is stronger than before. This combined field is equal 
to tlie sum of the field F due to the pole of the magnet, and H© due to 
the earth. 

Then H = Ho + F. 

Place the lower pole of the magnet at various distances r„ r,, 
etc., from the oscillating needle, the pole of the magnet being always 
on tlio same side of the needle, and in the meridian line passing through 
the needle. Take the rlifYerent distances r„ r,. etc., ranging from about 
5 cm. to 20 cm. Fintl the times of swing T,, T,, T, of the needle for the 
various distancc.s of the i)ole, 

\\’o wish to show by this experiment that the field of a single pole 
varies inversely as the scjuare of the distance from the pole, that is we wish 
to show that F is proportional to 1/r*. 

W’o can show this if we prove that 

Fjr,* = Fjr,* = Fjrj*, etc. 


Now 




Thus we shall show all that we wish if we prove that 

IT,> T„=j * ToV ” ToM ’ ~ ^ 

The constant C occurs in each of these, and therefore can bo cancelled 
throughout without affecting the equality, so that if we can show 

j I 1 1 _ ,/ 1 M _ ,/ 1 M 

tTi- 'V/ \T,» To*i 

we aliall have proved that 

F j/-,* = F,rj* = Far,* = etc. 

or that F is proportional to 
Arrange the observatiorus os follows :— 
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The periotl when tlie pole is at iiitiriity is e\i(lently the pt‘rio<l of swing 
ill the earth’s field alone. 

'I’he la.st eohimn will prove to Ih‘ :ip|)roxiiiuitely con^tant, (lieivby 
sliowiiig that the force varies invors<-l\- as the .sijiiare of the di.-vtaneo from 
a single pole. 

'J'he elYeot of the upper eml of the magnet is negligible t lironghout these 
obser\ations. as is shown in an earlier experiment (Field of .Single Foie by 
Alagnetometer, p. 330). 


§ 2. Comparison of Magnetic Moments bv O.scillations 


When a magnet is suspended by a fine fibre so tliat its axis bangs 
in a horizontal jiosition, in a magnetic field of strength H, the axis 
will assume a certain equilibrium direction. If the magnet be dis¬ 
turbed slightly from this equilibrium position it will execute vibra- 
tion.s about it. 

If the oscillations are small the time of each oscillation is the same 
—tlie vibrations are isochronous. The time dej)ends on the form and 
mass of the magnet, and on the couple tending to bring it back to its 
equilibrium position. 

The time of a complete vibration (backwards and forwards) is 
given by _ 


Hence if I and H are kept constant, the square of the time of 
vibration is inversely proportional to the magnetic* moment of tlic 
suspended system. 

47r2I_4772I/H_K 

^ “MH“ M M’ 


477-1 


where K is a con.stant having the value = ' 


If I is not constant, T- is proportional to when the same field 
is used. 


Expt. 201. Comparison of the Magnetic Moments of Two Magnets by 
oscillating them separately.—Su.sjiend one of the rnagnet.s from a fine 
thread, so that it can oscillate in a horizontal plane. Note its time of 
o.scillation by taking 50 complete oscillations when under the action of 
the earth’s field alone. Let this time be T,. 

Remove this magnet and replace it by the second, allowing this to 
swing as nearly as possible in the same position as the first. Take its 
time of oscillation as before : let this be T*. 

In making these oscillation experiments the twist in the thread must 
bo taken out first by allowing it to untwist under a weight equal to the 
weight of the magnet to bo suspended. If this is not done the magnet 
will not oscillate about a north and south line ; it will be deflected from 
that line by the couple due to the twist in the suspending thread. The 
ma'^nets should oscillate in a closed box with glass sides so that the 
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oscillations can bo observed, and yet the motion shall not be affected 
ilranglUs (Fig. 210). 

The swings should be countetl and timed as the magnet swings 
through its middle po.sition, and the angle of swing should not exceed 
5 on either side of this po.sition. 


Then 

and 


Thu.s 


or 



Calculate I, and Tj from the masses and dimensions of the magnets 
(see page .lOO for the calculation of Moments of Inertia) and determine 

Mi/Mj. 

Tf the magnet.s are similar in size and shape, and of the same density. 



Kxpt. 202. Determination of the Ratio of the Magnetic Moments of 
two Magnets by allowing them to oscillate together.—Place the two 

magnets together in a suitable stirrup 
(Fig. 214) with their north pt)lfs pointing 
in one direction. Suspend them from a 
thread from which the twist has been 
removed (p. 351), and allow them to 
swing inside an oscillation box in the 
earth’s field. 

Observe the periotl of swing in the 
usual way. Let this be T,. 

Take out one magnet (the weaker *), 
Fio. 214.—Two Mutfnets in Stirrup and replace it in the stirrup with its axis re* 

versed. Again take the period of swingT*. 


r : 


~~i 

Side 



victv 1 


-1 


End 

vit’w 


& 


The Moment of Inertia of the suspended system is not altered by 
revei*sing one of the magnets, but the magnetic moment * of the system 
is in the fii-st case equal to M, + Mj and in the second case ilj - M,, M, 
being the magnetic moment of the magnet which is reversed. 




and hence 


M,_T,* + T,* 


T,» - Ti» 

The student should prove those results for himself. 


• The ' weaker’ magnet can be found before the experiment by any roogh means such as 
bringing the magnets in turn near to a compass needle — that having the smaller effect at the 
aamo distance is evidently the weaker. 

* There is a tacit assumption mode here that the magnetic momenta of the two magnets aro 
unaltered by their mutual action when iit close proximity. This is not strictly accurate. 



CHAPTER IV 


THE 


EARTH S MAGNETIC FIELD 


§ 1. Spiccification of the Field 


Three quantities are necessary in order to specify completely the magnetic 
field at any point, for any vector quantity can be (ietermined if we know 
its magnitude and direction, and in tliree dimensions two ((uantities 
are lecjuired to fix a definite tlirection. The tliree quantities usually 
employed in defining the earth’s magnetic field at any point are : — 


(1) The Horizontal Component of the magnetic force. 

(2) The Declination, that is the angle between the magnetic meridian 

and the geographical meridian. 

(3) Tlie Dip, tliat is the angle between the direction of the resultant 

magnetic force and the liorizontal plane. 


We consider here only the first and third, since the determination 
of the Declination requires astronomical observations in finding the 
geographical meridian. So far as the magnetic observations are con¬ 
cerned, the principle involved is exactly that in the experiment already 
de.scribed for finding the magnetic axis of a magnet and the magnetic 
meridian (p. 334). 


§ 2. Determi.n’atiom of the Horizontal Component op the 

Earth’s Field 
• 

The metliod to be described, which is due to Gauss, is employed 
usually to determine tlie horizontal component of the earth’s field. 
It can be applied, however, to the determination of any magnetic field 
which is uniform throughout a sufficiently large volume. 

Tlie method involves two separate experiments, which of course 
must be done at the same place. The first consists in finding the 
period of swing of a freely suspended magnet of known Moment of 
Inertia ; and the second in comparing by means of a magnetometer 
the field due to this magnet with the earth’s field. 

Before beginning the exyerimenie remove all iron objects from the 

neighbourhood. 

(A) The Oscillation Experiment.—If T is the time of one complete 
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swiijg of the magnet, when oscillating frcelv’ in the earth’s horizontal 
field 


T = 2Tr / ^ . 

fsj MH 


(p. 128) 


where 


Hence 


H = Horizontal Component of the Earth's Field, 
iM= Magnetic Moment of the ^fagnet, 

I = Moment of Inertia of the Magnet. 


ami thus MH can be calculated in C.G.S. units if I is known. 

The bar is a regular geometrical shape, and hence its Moment of 

Inertia I can be calculated from 
its mass and dimensions. If the 
bar be rectangular, as is usually 
the case, 



I —711 


a*+ 62 


Fee. 215.—KitcUuigular Bar Magnet 


where m is the mass of the magnet, 
and a and 6 are the half-lengths 
of that face of the magnet which 
was horizontal during the oscillations (Fig. 215). 

For a bar of any regular shape the required expression for I can 
be found from the Appendix (p. 560). 

Expt. 203. Determination of MH. 

—Before suspending the magnet be 
sure that the suspending fibre is not 
twisted. To ensure this, suspend in 
the stirrup a brass bar of the same 
mass as the magnet, and wait for the 
fibre to untwist. The motion of the 
briLHs bar must bo checked every few 
revolutions, otherwise, when the fijaro 
is imtwisted, the inertia of the rotating 
brass bar will cause it to twist up in 
the opposite direction. When the 
brass bar remains motionless when 
hanging freely from the fibre, it shoukl 
be withdrawn from the stirrup and 
the magnet inserted without allowing 
the fibre to twist acain. The magnet 
is then suspended from the fibre in a 
I^x with glass sides so that the vibra¬ 
tions can be counted and yet air 
currents will be excluded (Fig. 216). 

The magnet must be allowed to 
awing through only a very small angle. 

P vibration of the magnet by observing the 

tiiTid taken to make fifty complete vibrations. ^ 



Fro. 216.—OsciUatioQ MagDctonietcr 
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Weigh the magnet, tleteniiiue its length ami hreadtij, anti calcnlato 
its Moment of Inertia I. 

Calenlate the \alue of Mil from the forimila 


MH 


4^n 


(H) The Deflection Experiment.—In tlie second part of tlie de- 
terniination, the deflection produced by tlie same magnet on the needle 
of a magnetometer is observed. 

'I'lie ■ eiul-on ’ position is used, placing the magnet with its axis 
east and west, pointing to the centre of the magnetometer. 

Let 

= distance between poles of magnet, 
r = distance between the centres of magnetometer and magnet. 

Tlie force on unit magnetic pole at P is in the direction OP (Fig. 211) 
and is ecpial to F. As is proved in the chapter on Magnetometry 
(j). 343). 

P_ 

Tlie magnetometer needle comes to rest under the action of the 
two mutviall^' perpendicular fields, F and H, in a position making an 
angle $ with the meridian, given b}' 

^ =tan d. 


So 


or 


M 2r , . 

H ^ (r- 

- =='• - —-L tan 0. 

ti 2 t 


Expt. 204. Determination of M/H.—Set up a magnetometer and 
place the magnet in the ‘ end-on ’ position as in Expt. 195. Determine 
llie values of r, I, and 0, and calculate the value of M/H. 

Note that 21 is the distance between tlie poles of the magnet used, 
while 2a is the distance between its ends. Tlie poles are not exactly at 
the ends, so that these di.stances are not exactly equal. We may a.ssume 
that the distance between the poles is J of the distance between the ends 
of a bar magnet. 

We have now found MH and M/H. 

Let MH = A 

and M/H = B. 

Then M® = AB, or M = y'(AB) 

H= = ^,orHy(|). 

Calculate M and H in C.G.S. electromagnetic units. 

Intensity of Magnetisation.—The two experiments just described 
serve to determine the two unknown quantities M, the magnetic 
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moment of tlie magnet employed, and H, the horizontal component 
of tlie eartli’s magnetic field. Knowing the value of M we can calculate 
the average value f)f an important quantity known as the Intensity of 
Magnetisation, I, of the material of which the magnet is composed. 
This is found by dividing the magnetic moment of the magnet by the 
volume of the bar (in c.c.). If we suppose the bar to be uniformly 
magnetised, the magnetic moment of each unit cube having one set 
of its edges parallel to the direction of magnetisation would be the same 
whatever part of the body is chosen. Another way of defining I is 
to say that it is the pole strength per unit area (1 sq. cm.), the area 
being taken at right angles to the direction of magnetisation. 

Measure the size of the bar magnet used in Expts. 203 and 204, 
calcidate its volume V in c.c. and determine I from the equation 
I=M/V. 


§ 3. Determination of Dip 
THE DIP CIRCLE 

The Dip Circle consists of a vertical circle graduated in degrees, 
carrying at its centre a long needle pivoted on a horizontal pivot, so 
that it moves over the graduations of the vertical circular scale. 

The scale and needle are enclosed in a box with glass sides, so that 
the needle is not affected by draughts. The whole box can be rotated 
about a vertical axis, the position of the box being indicated by a 
graduated circle on the base of the instrument. 

To use the instrument, first it is levelled carefully to ensure that 
the central axis is vertical. The box is then rotated about this axis until 
the needle stands vertical. The plane of rotation of the needle is now 
exactly at right angles to the magnetic meridian. To bring it into the 
meridian, the box is rotated about the vertical axis through 90®, this 
being measured on the horizontal circle on the base of the instrument. 
The needle is now free to move anywhere in the magnetic meridian, 
and if perfectly constructed, it will take up a position along the earth’s 
lines of force, and its inclination to the horizontal will be the angle 
of dip. 

Expt. 205. Determination of the Angle of Dip.—Level the instru¬ 
ment. Rotate the box until the needle is vertical, and take the reading 
on the horizontal circle. Rotate the box again till the reading is in¬ 
creased (or decreased) by OO®. The needle now sets with its axis inclined 
to the horizontal. 

On account of possible slight imperfections in the construction of 
the needle, the adjustment of the v’ertical scale of degrees and so on, 
the angle of dip cannot be relied upon to be equal to the inclination of 
the needle, and the following series of observations must be made:_ 

L Having got the vertical circle into the meridian, read the positions 
of both 6nds of the needle, Thid gives two readings. 
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2. Rotate the wliolo box 180’ about the voitical axis and attain road 
botli ends ; tliis pives two more readinps. 

d. Remove the needle ami replace it on tlie knife-edges supporting 
tlu' pi\-()t, but with the needle reversed back to front, so that the pi\ot is 
reveixed end for end. Repeat readings 1 and 2, tlmt is to say, read l)oth 
ends an<l again rotate the whole box 180"’ about the vertical axis and 
again read both eiuls. 'I'his gives four more readings altogether. 



4. Remove the needle ami reinagnetiso it with the magneti.sm ro- 
verserl, and start at 1 again, repeating observations as 1, 2, and 3. 

This gives eight more reaclings or sixteen readings in all. 

Tlie mean of all these sixteen readings should be token ; tlii.s is 
aceurately ecpial to the Dip at the place where the experiment is 
performed. 

For the theory of this experiment and a discussion of the types of 
errors avoided or correctetl for by taking this series of observations, the 
student is referred to a text-book of theoretical physics. 

Precautions in Use.—The needle mijst not be touchetl with the fingers, nor 
should it be brought anywhere where moisture can conilense on it when 
being hanflled. It should be hanrlled with the forceps supplied. 

In placing it on the supj>orting knife-edges it must be put down gently— 
the pivot i.s gln.ss-hard steel aiul is very brittle indeed ; the knife-edges are 
also very brittle, being made of agate. If raising-clips arc fitted (as in a 
balance) the pivot must be raised from the knife-edges by these before re¬ 
moval from the box, and inu.st bo placed back on these before finally 
lowering to the knife-edges. 

Care must bo taken that the magnet is inserted with the proper end 
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clippmt: (north ond downwards in nortljcrn liomisphore). otherwise it may 
r«-\ol\o sc\'(‘ral liiiirs and roll oH the en<l of the knife-edges. 

In rojnagnetising the re\’ei'so way round, the magnet must not be rubbed 
uith a magnet. If magnets are iLsed, th(? needle mu.st be fitted in a grooved 
piece of wood and the magnet movcti over tlie wootl surface in the requisite 
direction. A solenoid carrying a etUTent is preferable to all oth<‘r means of 
remagnetising tlie bar. Tliis metho<I is described on p. 373. The current 
is arranged to flow in the r<*<juired direction, and is .switched on and off 
once or twice while the neerlle is held inside the solcnoifl. Considerable 
force will be exerted fni the nee<lle in tliis process, and it mu.st be held 
tightly in the forceps while being remagneti.sed ; (itherwi.se it may be pulled 
out of the ffirceps and receive damage in falling. 

Treat the instrument throughout with the same care as that flemandcd 
in the \ise of an accurate halancc*. 

The angle of dip may also be found by means of an Earth Inductor 
(F’xpt. 251). 
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1. Tiiul tl.f direction of the inognotic axis of n circular steel plate maiinotised 

parallol to a <liametor. ^ ^ 

2. Make a survey of the laboratory, using a compass needle to determine thy 
presence ol north •)r south magnetism in iron pipes, girders, radiators, stoves, etc. 

I lot the hues of lorco around one pole of a long bar magnet. Do the sumo 
wlien a piece of soft iron is placed not far from the pole. 

J. Plot the lines of force between the opposite poles of two fixed magnets, 
i o uio same when a piece of soft iron is placetl in the space between the poles 
i>. Adjust the given magnet so that the field produced by it may oxactlv 
neutruhso the horizontal component of the earth’s field at a marked point. 

(). 1 lace two long bar magnets in the magnetic meridian, nith tlieir nortli 
po os pointing in opposite directions and 10 cm. apart. Find the neutral point 
between thorn Hen<-o, neglecting the earth’s field, compare their pole strengths 
/. Place the given bar ina^ot with its north pole pointing north, and find 
the neutral points in its vicinity. Carefully reverse the magnet, an<l show by 
mean.s of an oscillating needle that tlio field at these points, with the magnet in 
this position, IS twice ns strong as the earth’s field alone. 

H. Magnetise the two given rod.s by placing them at the same time in a solenoid 
and passing a current through the solenoid. Then compare their magnetic 
inoinents. Repeat the experiment after heating the rods to redness and phmgirii: 
them into oold water. ® 


S). Plot a curve showing how the magnetic moment of the given electromagnet 
vanes with the current passing througli the coil. 

10. Plot a curve showing how the intensity of the field of a magnet varies 
with di.stance along its axis, using a tangent magnetometer. Find the magnetic 
moment of the magnet. H= 0185 C.O.S. unit. 

11. Fiiul how the intensity of the field of a magnet varies with distance 
along the axis, using an os<-illnting needle, and find the magnetic moment of the 
magnet. H =0-185 C.G.S. unit. 

12. Find the ratio of the magnetic moments of the two given bar magnets 
without using a third magnet. 


13. Compare the horizontal components of the magnetic field at two marked 
points in the laboratory by using a magnetometer and the same bar magnet in 
each position. 

14. Find the magnetic moment of the given magnet. 

15. Place a short bar magnet in an oil bath so that its temperature may 
be varied. By means of a deflection magnetometer obtain a curve showing the 
relation between the magnetic niornont of the magnet and the temperature, both 
when the temperature is rising and when it is falling. 
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NOTES ON ELECTRICITY 


So long ngo as 1834 Miohaol Faraday in his Experimental Researches 
antioipatod lator thfories of tlie nuturo of chemical action when he wrote : 
‘ Or. if wo adopt the atomic theory or phraseology, then tho atoms of 
ho<iies which are ecjuivalents to each other in their ordinary chemical 
action, liave ccpial <piantities of electricity naturally associated with them.’ 
According to the mo<lern view (Riithorforri and Bohr) a chemical atom is 
|>ioturod as an extremely minute po.sitivc nucleus together with a number 
of surrounding negative electrons. Thus the niicleiLS represents tho ‘ sun ’ 
of a ■ planetary .sy.stcm ’ formed by these distant electrons. The proton is 
file nucleus of a normal liydrogon atom, consisting of a single proton and 
a single electron. .A simplified picture of any other atomic nucleus is 
obtained by regarding it OvS built u}> of positive jirotons and a certain 
nuinlior of neutrons. The neutron i.s an electrically neutral particle, having 
a mass very nearly the .same os that of a proton. In a neutral atom the 
number of eh’ctrons is 0 (]ual to the number of protons in the nucleus—this 
number is called tho atomic number Z. The total number of particles in 
the nucleus is called the mass number. A. and this is, to a close approxi¬ 
mation. tho chemical atomic weight of tho element. In the Appendix 
(p|). are given values of the atomic number, and the mass number 

for the elements from hydrogen to uranium and the notable trans-uranic 
elements neptunium and plutonium. It will be noticed that the Table is 
complicated by the existence of ' isotoj>es atoms having the same atomic 
number but different mass numbers (depending on the number of neutrons 
in the nucleus). 

As a deduction from his theory of relativity Einstein conclvided that 
mass and energy are equivalent. Any change ‘in mass is associated wnth 
change in energy, and tho converso also holds. In ordinary chemical 
changes such jis the combustion of fuel, the change in mass is so very 
minute as to be beyond the powibility of measurement in tho laboratory. 
Jhit in nuclear disintegration the order of magnitude of the change is very 
different, and tho process of ‘ nuclear fission ’ that may occur in certain 
radioactive atoms may produce enormous amounts of energy. 
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ELECTROSTATIC EXPERIMENTS 

§ 1. Introductory 

Amber (Greek, clekiron) is a fossilised vegetable resin, usually yellow 
in colour and transparent. It become.s electrified by friction, its 
})Ower of attracting light particles being recorded by the Greeks. 
From the coasts of the Baltic and North Sea it was carried to all 
parts of Europe, being highly prized in antiquity for personal orna¬ 
ments. 

Other materials when rubbed with flannel, or silk, acquire the power 
of attracting light bodies. In this condition they are said to be electri¬ 
fied, or to carry a charge of electricity. 

The electrification produced by rubbing a gla.ss rod with silk differs 
from that produced by similarly rubbing a rod of ebonite. There are 
two kinds of electrification, vitreous (or positive) and resinous (or 
negative). Bodies electrified in the same way repel each other, while 
bodies oppositely electrified attract each other. 

If a brass rod is held in the hand and rubbed with flannel no electri¬ 
cal charge can be detected on the rod. If. however, the rod is supported 
by a glass handle it becomes electrified negatively and the charge can 
be detected. These results may be explained by saying that the metal 
and the human body condiict away the electric charge, which passes 
tlirough the body into the earth. The glass rod, if dry, docs not 
conduct awaj’^ the electric charge. Bodies which conduct well are called 
conductors; those which conduct badly are called non-conductors or 
insulators. Metals are good conductors, whilst glass and ebonite are 
good insulators under suitable conditions. 

In all electrostatic experiments surface films of moisture on all 
insulators must be carefully avoided since such films are conductors of 
electricity. Continuous exposure to light may seriously impair the 
insulating properties of ebonite in consequence of the formation of an 
acid film. 

Large specimens of amber are scarce, but by the compression of 
.small fragments a material is obtained w hich has a very high insulation 
resistance and is but little affected by light. Ebonite or vulcanite is a 
form of hard rubber wdiich has been treated with sulphur at high 
temperature. It varies greatly in its electrical properties; when of 
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goofl (jiiality «'ind fiighly polished it is an excellent insulator. It should 
he shielded from light as far as possible. For simple electrostatic 
experiments sticks of the best banker’s sealing wax are useful. Some 
forms of the commercial plastic ‘ bakclite ’ have good insulating 
properties, and are used in the construction of electrical apparatus. 
\'itreoii3 or positive electrification may usually be obtained from glass, 
but clean dry fused quartz (silica) is the best insulator kno^v'n and 
shovdd be used if possible. In a damp atmosphere apparatus for 
electrostatic experiments should be dried carefully by being placed at 
some little distance from an electric radiator, or by using a small 
tin{)late oven with a double bottom, heated by a rose burner. 

Electric charges are now attributed to the addition or removal of 
very minute particles of negative electricity, called negative electrons. 
An electric current in a metal is regarded as a flow of these electrons 
thrfmgh the conductor. We shall, however, frequently adopt the 
older convention which supposed the current to flow from the positive 
(red) terminal of a cell or battery through an external resistance to the 
negative terminal. 


§ 2. Experiment.s with the Gold-Leaf Electroscope 


The gold-leaf electroscope is a convenient apparatu-s for experiments in 
electrostatics. A simple form of electro.scope con.sists of a glass vessel with 
a brass rod passing through the in.svilating stopper. The top of the rod is 
fitted with a brns.s ball or disk, and a pair of gold leaves are attached to 
tlio lower end. If the leaves are given a charge the leaves will repel each 
other and diverge. If the insulation were perfect there would be no loss 
of charge and the leaves would remain inclined at the same angle in¬ 
definitely. 

In modern forms of the electroscope, a single gold leaf is used, 
attaclied to a stiff strip of brass or aluminium (Fig. 219). The deflection 
of the gold leaf may be measured by means of a scale fixed to a mirror 
(to avoid any error due to parallax), or by means of a micrometer 
microscope. 


Expt. 206. Illustration of the Laws of Electrostatics.—I. Touch the 

disk of the electroscope with the finger so as to remove any charge it 

inay possess. Electrify an ebonite rod bv friction and bring it near to 

the disk. The gold leaves should diverge (A, Fig. 218). The charge 

on t he ebonite induces a charge of opposite sign on tlie disk, and a charge 

of the same sign as that on the ebonite is repelled into the gold leaves. 

J ry tlio same experiment with a glass rod. 

T ? that there are two kinds of electrification, bring up an 

. n le t^bonite rod as in the first experiment, then bring up an electri- 

presence of the second charge should 

fRi fliA t ^ first. By suitably adjusting their distances 

(B) the two may be mn.le to nullify each other’s ^tion.* 
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III. The electroscope may be charged by conthiction. The electrified 
rorl is l)r(>nght into contact with tlu* disk of the instrument (C’) and .shares 
part of its charge with the gold leaves. 

Tlte.se remain apart after tlur rod has 
been reinov<*d (D). 

I\’. To charge the electroscope 
by iialiicfitm, bring tlie eleotrifietl 
ro<l near tlje disk without touching, 
tlien toucli the disk with the finger 
for a moment (E). Remove the 
finger and afterwards withdraw the 
rocl (F). The electroscope now beai-s 



a charge of the opposite kind to 
tliat on the rod, for when the linger 
touches the disk the charge of the 
same kind a.? that on the rod is re¬ 
pelled throtigh the body into the 
earth. 

V. To test the sign of a charge, 
charge the electroscope by indttction 
as in the last experiment, using an 



ebonite rod. Tlien bring up a gla-ss 
rod carrying a positive charge, and 
ncitice that the gold leaves diverge 
farther. 

Ne.xt bring up the vulcanite rod ; 
the leaves will now collapse, the 
divergence diminishing more and 



more as the rod gets nearer. 

If the rod gets very close, it may 
cause the leaves to collapse entirely 
and then to open out again. It is 
left to the student to advance an 
explanation of this redivergence. 

Now bring up a large uncharged 
body supported on an insulating 
handle. Then bring \ip an earth-con¬ 
nected body (the hand of the experi¬ 
menter is suitable). Note that in 
both these cases the divergence of 
the leaves is diminished slightly 
although the bodies are not charged 
before being brought near the electro¬ 



scope. 

It will be seen from this that 
although increased divergence indicates 
a charge on the body of the same sign 
as that on the electroscope, we cannot 
conclude vnth certainty that diminished 



divergence indicates a charge of the „ _ , . , . ^ 

®.. . ® FIO. 218.—Experiments with Gold-Lcsf 

opposite Sign. . , , ^ Eiectroscope 

To test the sign of a charge of 

any kind it is necessary to have two electroscopes charged oppositely. 
The body to be tested is brought up to each in turn. A positively 
charged body gives an increased divergence with the positively charged 
electroscope, but a diminished divergence with the electroscope negatively 


charged. 
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A r)i'UiUi\-«-ly liudy increases the divergence of the negatively 

c-liarge<! elect r*>scM>j)i*, but causes a diminished divergence in the positively 
chaige<l one. An uncharged liody or an earth-coiiiiectod body causes the 
dis'ergencc to lx* diininishcii in each case. 


§ 3. Simple Electrostatic Apparatus 

THE ELECTROPHORUS 

Tiio Electrophorus consists of a plate of ebonite (or re.sin) supported by a 
sohvplate of iiu'tal. On this plate of insulating rnatoriul can be placed a 
metal disk provitleil witli an insulating hnntlle. 

When tiiis tlisk is removed, a negative charge is produced upon the 
surface c»f tlie ebonite by rubbing or flicking it with a dry catskin. The 
metal disk is then lifted by the insulating handle and placed on the elcctri- 
tieil surface. Actual contact occurs at only a few point.s, while over the 
rest <jf the surface the negative electrification on the ebonite induces a 
positive charge on the ojjposed metal surface, and a negative charge is 
Impelled to tlie upper surface of the disk. On touching the di.sk with the 
finger this negative chartre c.scapes through the body to the earth, leav’ing 
t^u^ positive charge ‘ l«>uiul ' under the attraction of the negative charge 
below it. If the disk is now lifted from the ebonite, it carries with it this 
positive charge, which may be afterwaixls shared Mnth some other con- 
(hictor. When the <lisk has b(*en dischnrgerl by connecting it to some 
earthed conriuctor, it may be placed once more on the ebonite, and the 
proees.s repeated. The charge on the ebonite is not diminished appreciably 
in the operations, aiul if the insulation were perfect the process of charging 
could bo repented indefinitely. The same principle i.s employed in the 
Influence Machines designed by Voss and by Wimshurst. 

Exrr. 207. The Electrophorus. —Charge an electrophorus, and use it 
to obtain a charge on the disk. Test the sign of the charge on the disk 
by the method described above. Show that it is po.ssible to obtain 
sparks from the disk to any earthed conductor (for example the knuckle 
of the experimenter) placed near it. 


FARADAY’S ICE-PAIL EXPERIMENTS 

For these experiments a metal can is provided, which can be insulated 
by placing it on a block of iiarafTin or ebonite. If the electroscope is pro¬ 
vided with a suitable flat plate connected with the gold-leaf system, it is 
simpler to stand the ‘ ice-pail ’ on this plate. If the can is on a block of 
ebonite or paraffin, then it should be connected by means of copper wire to 
the disk of the electroscope. 

Expt. 208. Faraday s Ice-Pail.—Take a brass ball suspended bv a 
silk ribbon, or fitted with an insulating handle, and charge it by means 
of an electrophorus or a small \\'imshurst machine. 

Lower it into the ice-pail and observe the deflection of the gold leaf. 
If the charged ball is well wnthin the mouth of the vessel, the deflection 
will bo the same whatever the position of the ball. Even if the ball is 
allowed to touch the inside of the can the deflection will be unaltered. 

This agrees with the view that a definite quantity of electricity has been 
introduced into the vessel, and that the effect on the electroscope depends 
only on the quantity inside the vessel. 
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\\ e may make use of the ice-pail to (leteriiiiiie whether two bodies are 
tujiially cliar-ied, and may Uien add together tlieir charges (h\ placing them 
inside a hollow conductor) so as to obtain a charge double the original 
charge. In the same way we can give to the hollow eonductoi- a charge 
which isajiy number of times the chuige of a given bo<h'. 


Exit. 201). The Induced Charges are equal and 
opposite to the Inducing Charge if this is entirely 
enclosed by the Conductor on which the Charges are 
induced.— l‘lace the charged bull insitle the ice-pail 
without allowing it to touch the sides, and observe the 
deflection. Touch the ice-pail with the finger: tho 
gold leave.s will collapse. Remove the hall, still cariy- 
ing its charge, from tho pail. The tleflection should 
be equal to tl>e original one. T!>e two charges induced 
were equal and opposite to each other ; one has been 
removed, and the other gives the observed <lefiection. 
Diachartje the can and reintroduce the ball, allowing 
it to touch the bottom. On removal it is quite un¬ 
charged ; it has given all its charge to the can. The 
deflection of the leaves of the electroscope is the same 
after the ball touches the bottom as before it touches, 
and is not altered when the ball is removed. 



Expt. 210. Equal ai 
tricity are produced by 
rubber and the body rubbe<l must both be insulatc«l. Rub the two 
bodies togetlier, holding them by the insulating handles, and test each 
one by introducing it into the ice-pail. Then place the two together 
in the ice-pail. If the charges are exactly equal and opposite, no 
deflection of the gold leaves should bo observed when both are used, but 
each alone gives a deflection. 

The operations described must bo performed quickly, ns there is 
nearly always some leakage taking place. 


1 Opposite Quantities of Elec- ou Ki> ctrusi-u]>c 
Friction.—To show this the 


In writing an account of these electrostatic experiments the results 
obtained should be described, and the conclusions drawn from them stated. 
It is important that the account sliould be illu.strated by diagrams imlicnt- 
ing the positions of and charges on all the pieces of appai'atus used in eacli 
of tlie various stages. 


§ 4. Charge and Potential 

Potential in electricity is analogous to pressure in hydrostatics, or 
to temperature in heat. We use tlie conventional statement that 
positive electricity tends to pass from places of high to places of low 
potential. It is often convenient to regard the potential of the earth 
as zero. 

It is important to notice that the deflection of the leaves of an 
electroscope does not necessarily indicate the charge on the electroscope 
as a whole. The deflection indicates the potential of the electroscope 
always, and may be taken to indicate its charge only wlien there is no 
other body near to it. 

Since positive electricity is said to flow from points at higher to 
points at lower potential if these points are connected by a conductor. 
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tlK- test of potential is to connect the body to earth ; if the body up 
positive electricity to the earth (or receives negative from the earth) 
its potential was jjositive. If it receives positive from the earth (or 
gi\ e.s up negative to the earth) its potential was negative. If it neither 
gains nor loses electricity, it was at zero potential. 

Kxit. 211. Demonstration that the Divergence of a Oold-Leaf 
Electroscope indicates its Potential.— Case 1. Bring a charged glass rod 
to an electroscope ; the electroscope has induced upon it two equal and 
o|)posite charges. It is uncharged on the whole, yet the leaves diverge. 
If earth ct)nnectetl, positive electricity leaves the electroscope and goes 
to (*arth, therefore the electroscope was at a positive potential. Before 
ranh-coHuecting it, it was showing a divergence, yet it was uncharged : 
therefore the ilivergence does not indicate the charge on the electroscope 
in this case. 

(’ase 2. Repeat the operation of bringing a charged glass rod to the 
eh'ctroscope. After earth-connecting the electroscope, keep the glass 
rod still near. The electroscope now has a negative charge. The leaves 
are, however, (piite closed, therefore the divergence does not indicate the 
charge iti this case — there is a con.siderable charge, yet no divergence. 

Case 3. Klectrifv an electroscope po.sitively, and remove all bodies 
to a distance. 'Phe leaves diverge, the electroscope has a po.sitive charge ; 
in this cjisc, therefore, the <livergence may be taken to indicate the 
charge. 

Consider the potentials in the three cases. 

Case 1. .As ah-eady explained, the electroscope had a positive potential 
though zero charge (on the whole). The leaves were diverging. 

Cask 2. The electroscope had a zero potential (being earth-connected) 
although it had a charge. There was no divergence. 

Case 3. The electroscope h€Ls a positive potential os well as a positive 
charge. 

Thus divergence and potential go together, and we see that the 
divergence of the leaves of an electroscope indicates its potential. It 
only indicates the charge as well, when the electroscope is remote from 
other bodies. 

The divergence indicates only the magnitude, not the sign, of the 
potential ; tlie potential might be either positive or negative for a 
given divergence. This can only be tested by other means, namely— 

Bringing up a positive conductor raises the potential of the electroscope. 
If, therefore, the leaves diverge further, the electroscope has a positive 
potential. If they collapse a little it had a negative potential ; raising the 
potential having in this latter case the meaning diminishing its negative 
value. 


CAPACITY 

When a charge is given to an isolated conductor, the resulting 
potential depends on the size and shape of the conductor : for the 
same charge, the larger the conductor the lower is the potential to 
which it is raised. The Capacity of a conductor is defined as the 
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charge rccjuired to raise its potential by one unit, ^\’llen a second 
conductor is brought near the first, the j)ot(*ntiaI of tlie first is dimiri- 
ished (p. 305). The eti'ect tlepends on the size of the second cotuluctor, 


and if tliis be earth-connectetl tlie eti'ect is usually very large, lacing 
virtually equivalent to making the earth form part of the second 
cotiductor. Such an arrangement forms a Condenser, which may be 
defined as a system of conductoi's placed so that the capacity of one 
part of the system is increased in consequence of the proximity of tlie 
other part. The capacity of a condenser is measured b}- tlie charge 
required on the first part to increase the difference of potential between 
the two parts by one unit. Two parallel metal plates separated by an 
insulator or dielectric form a simple condenser. The cajiacity is pro¬ 
portional to the area of a plate and inver-seh' ])roportional to the 
distance between them. It also tlejjcnds on the ilielectric constant, or 
specific inductive capacity, of the insulator. 


E.\i*t. 2I2A. Examination of a ParaUel Plate Condenser.—I'sc two 
vertical plates mounted on insulating supports. Coiuicct one plati* to 
tlu? disk of an electroscope, and give it a charge (p. 36o). Exaiuiiu* the 
effect of altering the distance .separating the two jilates, and of inserting 
u plate of insulating material between tliem. Hepi'at these exp«*riments 
after having connected the .second plate to earth. 


More advanced experiments on condensers are given in later 
chapters. 


THE CONDENSING ELECTROSCOPE 

The condensing electroscope is an ordinary gold-leaf electro.scope 
fitted with a disk of a size ratlier larger than \isual. A secoiui disk o. 
the same size, and mounted on an insulating handle, is laid on tlie first 
disk. The disks are insulated from each other by a thin coat of in- 
.sulating varnisli spread over the upper disk. The two disks constitute 
a parallel plate condenser, and when the upper disk is earth-connected 
the electroscope becomes a conductor of considerable capacity : a 
considerable charge is now required to raise the potential of the electro¬ 
scope to tmit potential. If, therefore, the electroscope is connected to 
an}' apparatus which is maintained at a constant potential, it will 
take up a charge much greater than it would take up if the earth- 
connected disk were not upon it. 

It may happen that the potential to which it is thus raised is in¬ 
sufficient to cause an appreciable divergence of the leaves, and the 
existence of this electric potential would be undetected by the electro¬ 
scope when used in the ordinary way. 

If, however, we charge up the condensing electroscope while the 
upper disk is present, we obtain on the electroscope a charge of con¬ 
siderable magnitude, though the potential is too low to affect the 
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liMves. Oil roiuoviiit' tlie wire connected to the electroscope disk, and 
immediately afterwards removing the earth-connected disk from the 
electroscope, the electroscojie beeomes a conductor of small capacity, 
A charge whi<-h gave it a certain potential before will now give it a 
potential a great many times larger. Consequently the leaves may be 
caused to diverge now by the charge on tlie electroscope, although the 
same ciiargc was insuflfleient to affect the leaves when tho capacity 
was gi'eater. 


Expt. 212H. Use of a Condensing Electroscope to detect the Positive 
and Negative Poles of a Cell.—Remove the upper disk from the electro¬ 
scope. aial touch the cap with a wire connected witli one pole of any 
Voltaic cell, the other pole being earth-connected. Notice that no 
(li\’org(“nce cun be observc<I. 

Place the insulutctl disk on tlie electroscope <lisk and again touch 
the cap witli the wire, the upper disk being earth-connected while the 
wire is touching tlic^ electroscope. Remove tlie wire — no flivergence is 
observed ; ri'inove the upper disk — the leaves open out slightly owing 
to t lie larg<‘r potential procluceil by the.sflwt; charge, now that the capacity 
of the electroscope has been iliminislicd. 

Test the sign of tho charge, using an ebonite rod. 

R<*poat tlio experiment with tho otlier pole of the cell, meantime 
earth-coruiecting the pole previously used. Show that the charges 
obtaiiu'd from the two poles of the cell are opposite in character, and that 
tlie zinc plnte is negative in all cells in which a zinc plate is used. 

Test the signs of the poles of an accumulator to see if they are cor¬ 
rectly marked. 


CHAPTER II 


CURRENT ELECTRK’ITY—INTRODUC’TORY 

§ 1. Chemical Generation of Electricity 

It can be shown by means of a condensing electroscope tliat when 
two plates of any two different metals are immersed in tlie same vessel 
of almost any liejuid, one plate will acquire a higher potential than 
the other. When these two plates are connected momenUiribj by a m iie, 
an electric charge naturally flows from one j)late to the otlier in conse¬ 
quence of tiioir difference of potential, but the two plates are not 
discharged as a result of this. If the wire connecting them is removed, 
and the plates are again tested, they will be found to give a potential 
difference as before, the electroscope usually being insufficiently sensi¬ 
tive to detect any slight difference which may exist between the present 
and former values of this potential difference (P.D.). 

Thus when the plates are placed in this liquid, there is a continual 
renewal of the charges on them, as a result of the chemical action in the 
cell. If a wire is connected permanently to the two poles, a continuous 
discharge or a current of electricity flows through the wire. Although 
we now regard the electric current in a metal as a flow of negative 
electrons, we shall still speak of the conventional current as a flow of 
positive electricity. 

By experimenting with various forms of solutions and different 
kinds of plates, certain specially active cells have been invented by 
different experimenters. 

In tlie simple cell of Volta, plates of copper and zinc are immersed 
in dilute sulphuric acid (1 in 10). The zinc plate tends to dissolve in the 
acid in accordance with the equation 

Zn + H 2 SO 4 =ZnS 04 + 2H. 

This is typical of tlie action in other primary cells. 

To prevent the polarisation (p. 398) of the cell due to the film of 
hydrogen formed at the copper plate, some depolarising liquid may 
be employed. 

The electromotive force of a cell is equal to the energy drawn from 
the source and dissipated in the circuit when unit quantity of electricity 
flows round the circuit. 
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The practical unit for expressing electromotive force (E.M.F.) or 
P.D. is the Volt, which is KP C.O.S. units. The International Volt is 
realised experiinentallv hv taking the E.M.F. of the Weston cadmium 
cell as 10183 international volts at 20'" C. The E.M.F. of the Clark cell 
is 1-433 volts at 15° C. 


Tabclatkd Descriitios of some Prisiarv Cells 




KxdUtiK 

LUiuid 


A pprux innate 
E.M.F.in 
VulU 

1 

Name 

PlaU'd 

DepoUrUing Liquid 

Remarks 

Shiipie 

f — 
cii. y.u 

1 

.\i\. 

None 

10 

Rapid polarlsa* 
t ion 

DanlHI 

1 

Cu, 7a\ 

H,S(),, Ail. 

CuSO| coiiccntrated 

1 U 

1 Iwll 

Constant, satis* 
factory 


1 




1 

1 ZnSOi, Aq. 

CuSOj conreiitraU*d 

1 07 

No acid fumes 

Grove 

I»(. Zii 

Aih 

1 

HNO, concent rated 

1 0 1 

1 

Expensive, acid 
fumes 

Acid fumes 


C. Zn ' 

' HfSO,, A<1 

llNOj concentrated 

17 

l.ecJaiu’h<5 

1 <•. Zii 

NH,ci, suui. 

MnO, 

1 4 

Good for inter* 





mittent use 

Bichromate 

1 C, Zii 

H,S04. Aq. 

HiCfOe from K|Cr|Of 

1 

1 d 

Satisfactory. 




Withdraw Zn 
plate when not 
in use 





('lark 

' HK.Zn 

ZiiSO, 

Hk.so. 

1 433 

Constant 

We.ston 

Hfi.Cd 


Ha.so, 

1 oisa 

Very constant 


TJio Ko-rallod ‘ dry coll ' is a form of tlie Leclonch^ cell in which the solution 
is mixed with other materials to form a moist paste. 


Care of Cells.—The power of a cell, or the rate at which it can supply 
current, is limited by the size of the plates, by the rate at which the 
necessary chemical actions can take place, and by other properties 
such as internal resistance, which will be discussed in Chapter IV. If 
a primary cell is overworked by short-circuiting, or by connecting the 
poles together by a short piece of metal even for a moment, it will be 
more or less run-doxrn or polarised, and will not work satisfactorily for 
some minutes, if indeed it is not damaged permanently. 

It is therefore important to av’oid overworking any cell in this way, 
especially a secondary cell or lead accumulator. This accumulator is 
made of plates of lead loaded with spongy lead on one plate and with 
lead peroxide on the other (see p. 405). Any momentary overload 
causes very rapid evolution of gas inside, the plates as well as at the 
surface, and the plates buckle, or the loading is blowm out from the 
plate. This means that the accumulator is severely damaged, and if 
the process is repeated may be ruined entirely. It is mere childish folly 
to ruin these expensive cells and thereby diminish the efficiency of the 
laboratory for the sake of seeing a momentary flash. 

In connecting up any electric circuit a good rule to adopt is to make 
the connection to the source of supply, whether it be a cell, a battery or 
the electric mains, LAST OF ALL. 
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§ 2. The Magnetic Action of Electric Currents 

In 1819, Oersted discovered that a magnetic needle was <leflcctcd 
when placed near a wire carrying an electric current. The magnet tends 
to set itself with its axis at right angles to the direction of the current. 
The current gives rise to a magnetic field in the surrounding space. In 
the ca.se of a long straight wire the lines of mag. 
netic force take the form of circles. The centre 
of each circle is a point in the wire, and the plane 
of the circle is perpendicular to the wire. 

Suppose the wire is at right angles to the 
plane of the paper and that the conveiUtonal 
current is flowing into the paper at the point 
A. Then a positive pole would be urged round 
a circle, centre A, in the clockwi.se direction. 

A convenient way of exi)ressing this result is to 
say that if a right-handed corkscrew is screwed 

so that its point travels in the direction of the conventional current, 
the direction in which it is turned (or the direction in which the thumb 
moves) gives the direction of the magnetic force. 

Tins result sliould be tested by examining the action of a current 
on a small compass needle. Connect the ends of an insulated copper 
wire to the terminals of a battery composed of one or two Daiiiell cells, 
and observe the deflection produced when the wire is placed in different 
positions with relation to the magnetic needle. Verify the fact that 
when tlie wire is doubled on itself, or twisted together so that the 
currents in neighbouring portions are in opposite directions, little effect 
is produced on the compass needle. 

Magnetic Field of a Solenoid.—A solenoid is a spiral of wire having 
many turns wound uniformly and close together. When a steady 
current passes through it an external magnetic field is produced similar 
to that due to a bar magnet, and an internal field that is nearly uniform 
provided the turns are very near together. Wind a spiral of insulated 
wire on a glass tube about 15 cm. long and 1 cm. in diameter. Connect 
the ends of the spiral to the terminals of an accumulator, using a rough 
resistance of about 5 ohms and a commutator. Examine the action of 
the ends of the spiral on a small compass needle. Repeat the experi¬ 
ment after inserting a number of iron wires in the inside of the tube. 

Expt. 213. Construction of a Simple Electromagnet.—AVind an insu¬ 
lated copper wire round a bar of soft iron so as to form a spiral winding 
round the bar. Connect the ends of the wire througli a commutator 
and a resistance of 5 ohms (as above) to an accumulator. The iron will 
be magnetised by the magnetic field due to the current, and the system 
forms an electromagnet. If a corkscrew were turned so that the thumb 
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f()ll()\v('il tlio ciiroction of the current round the turns of the spiral, the 
point of tho corkscrew would arlvance in the direction of the lines of 

magnetic force. The lines of magnetic 
force rtui through the iron bar from the 
S. pole to the N., consequently the end 

where tho point of the screw would enter 
the iron is the S. pole, and the end 
where tho point of the screw would 
emerge is the N. pole. Test this result 
with the compass needle and examine 
the power of the electromagnet of attracting small pieces of iron. 

Testing the Sign of Battery Poles.—The foregoing results may be applied in 
order to determiuo the signs of the poles of a battery or other source of 
current, taking [jroper precautions to avoid excessive current through the 
length of wire connected to the terminals. Remembering that the current 
is said to flow from the + terminal through the external circuit to the 
- terminal, tlic sign of each terminal can immediately be given. 

Tin* signs of the terminals can also be determined by examining the 
chemical actions produced by the current (p. 432 njid pp. 490-491). 


§3. The Magnetic Field due to an Electtric Current in a 

Straight Wire 


Conventional 

Current 


It has boon pointed out above that the lines of magnetic force 
due to a current in a long straight wire are in the form of circles. 
Each circle has its centre at a poifit on the wire, 
and the plane of the circle is perpendicular to the 
wire. The direction of the magnetic force round 
the circle, and the direction of the conventional 
current, are related in the same way as the 
directions of rotation and translation of a right- 
handed screw. 

At a point where the length of the perpen¬ 
dicular drawn to the wire is r, the value of the 
magnetic force is 2I/r, where I is the current 

X- due to straight Current 

strength in electromagnetic units. 

For a definition of the electromagnetic unit of current see the theory 
of the tangent galvanometer (p. 381). 



In an actual experiment we have to consider the magnetic field of 
the earth as well as the field due to the current. It is convenient to 
arrange for the wire to be vertical and, ignoring the verticjal component 
of the earth’s field since this has no effect on a horizontal needle, to 
trace lines of magnetic force in a horizontal plane. 

The lines of force may be traced by means of a small compass in 
the same way as the lines of force due to a permanent magnet are traced. 

Exto. 214. Plotting the Magnetic Field of a Straight Current.—A 
convenient apparatus consists of a large rectangular framework with a 
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covorod coppor possinR several (imps round the frame so as to 

(lie inapiiPtic elfpct o£ (he current (Fip. 223). One end of tliis 
wire is joined to one terminal of a small nccumulator, the other to a k<\\-. 
The electric circuit is ccunpleted hv connectinp the other terminal of the 
uccimmhitor to the key with a .short length of platinoitl wire. If direct 



current is iiserl for lighting the laboratory, the ettrrent may bo taken 
from the mains, using a lamp in .series with the apparatus to adjust (ho 
strength of the current (p. 490). 

place the frame with the vertical side.s close to the edge of a table 
and arrange the horizontal drawing board so that it rests securely on 
the table. 

Trace the line.s of force duo to the combined fields when the current 
is flowing either downwards or upwards. Pay .special attention to the 
lines of force (I) clo.se to the coil and (2) near the ‘ neutral ’ point. 

Having found the position of the neutral point as accurately as 
pos.sibIo, measure the distance r from this point to the wire. 

At a distance r cm. from the wire the magnetic force duo to the current is 

F = dyne per unit pole. 


where n is the number of wires down the side used, each wire carrying 
the same steady current, I electromagnetic units. 

This magnetic force is balanced by the horizontal component of the 
earth’s field, a typical value being H = 0T8 dyne per unit pole. 


Hence 


2nl 

r 


0 18. 


Calculate the value of I, the current in electromagnetic units, and 
deduce the value in amperes (one electromagnetic unit is equal to 10 
amperes). 
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VARIATION OF THE STRENGTH OF THE MAGNETIC FIELD 

CLOSE TO A CURRENT FLOWING IN A STRAIGHT WIRE 

It has been stated already (p. 374) that the strength of the magnetic 
field due to a current in a long straight wire is given by F=2I/r at a 
point distant r from the wire. 

It is possible to show that F is inversely proportional to the distance 
from the wire by either of the methods previously described for com- 
pariiig the strengths of magnetic fields. 

Exit. 215. Variation of the Strength of the Magnetic Field due to a 
Straight Current using a Magnetometer.—Place the wire vertically as in 
the previoiLs experiineiit, and draw a horizontal line passing through the 
u ire in tlie direction of the magnetic merklian. At some distance r from 
tlie wire along this lino place a magnetometer, and note the deflection 
0 produced in the magnetometer when tlie ctirrent i.s flowing in the wire. 
Do lliis at various distances from the wire, and arrange a table showing 
ctuTCsponditig values of r, 0, tan 0, and r tan 0. 

Tlie fit'll! line to the current is east and west at any point north or 
south of the wire, anti hence the strength of the field Ls proportional to 
tan 0. 'riio last column, r tan 0, will be found constant, and hence tan 0, 
or F, is proportional to l/r, 

Expt. 216. Variation of the Strength of a Magnetic Field due to a 
Straight Current by plotting Lines of Force.—This method is virtually the 
same as that of Kx[)t. 215. Instead of u.sing a magnetometer to observe 
the dt'flt cfitms at ilifYerent points along the north and south line drawn 
tlirougli tlie wire, the field is plotted at different points where it crosses 
fliis line, using a eoinpns.s neetlle for this purpose. The tangent to the 
line of force wliert* it crosses the north and south line is drawn, and the 
angle between tliis tangent and the north anti south line is the angle 0. 

This is measured with a protractor, and a table drawn up as in 
ICxpt. 215. 

Suitable distances are 5, 0, 7, 8, 10, 12, 15, and 20 cm. from the w'ire. 

The Method of Oscillations.—Imagine a line passing magnetic east 
and west to be drawn through a vertical wire carrjdng a current. The 
field F due to the current in the wire at any point in this line is either 
due north or south; hence on one side of the wire the strength of tho 
total field will be F+ Hp, while on the other side it iviJl be the difference 
between F and Hq, Hq being the liorizontal component of the earth’s 
field. 

A slioit heavy needle {p. 347) could be placed at some point on 
this cast and west line, and its period of swing observed before switching 
on the current, that is the period of the needle could be found in the 
earth’s field alone. Let this period be Tq, and C the constant 47r*I/M 
(p. 347). 

Then HoT„2 = C, or Ho = 0/To^. 

If the current were switched on, the behaviour of the needle would 
depend on its position and also on the direction of the current. On 
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one side of the wire it would start to swing more rapidlj* than in the 
eartli s field alone, and with its poles jiointing in the same direction 
as at first. On this side, tlie field of the current and the field of the 
eartli assist eaeli other. On tlie other side the two fields are in opposi¬ 
tion, and the swings would be slower than in the earth's field, or the 
needle might be reversed. If Hq is stronger than F the needle swings 
less rapidly, but if F is stronger than it is turned completely round. 

It is important tliat the needle should be used on the side where the 
fields assist each other : in very weak fields the torsion of the fibre 
has a greater percentage effect than in stronger fields, and as we take 
no account of the torsion, the error due to it is correspondingly in¬ 
creased. In the following discussion it will be assumed that the needle 
is placed on the side where the fields assist each otlier. 

The .strength of the composite field at any point being H, and the 
period T, we have 

H = F+Ho, and also H = C/T-. 


Hence 


F = H-Ho = C 




Now if F is proportional to 1 /r, we shall have F^rj = Fjrg = Fjra, 
etc., taking Fj, F.^, F 3 , etc., as the strengths of the field at distances 
^ 3 ’ > ^rom the wire. 

If the corresponding periods of oscillation are Tj, T 2 , T 3 , etc., we 
can write 


r 1 — L- j ip^2 


1 




F„ = 



and therefore we can show that F^rj = F 2 r 2 , etc., provided we show that 


C 


1 


1 


T 2 


To^ 


— ^ T — etc. 


The constant C occurs in each expression, and therefore can be 
cancelled throughout, and we shall have proved F proportional to 

if we show that r‘.frv> 

r l-t” -to 


is constant. 


Exit. 217. Variation of the Strength of the Magnetic Field due to a 
Straight Current by the Method of Oscillations.—Place the wire in a verti¬ 
cal position ; draw a line passing magnetic east and west through the 
wire, and measure off different distances along the line, say 6, 6, 7, 8, 
10. 12, 15, and 20 cm. from the wire. 

Place a small oscillating needle (p. 347) at some pomt on the line 
and determine its period of oscillation before switching on the current. 

^^'swhch'on the current, observing the behaviour of the needle when 
this is done. If the needle swings more rapidly than before, and still points 
in the same direction, the experiment may be proceeded with ; if not, 
reverse the direction of the current through the wire, when the needle will 
be found to point as in the earth’s field alone, but will swing mare rapidly. 
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Tlio riccilU' is now oscillating in a field of strength H, which is the sum 
of the strength of the field F dtio to the wire, and the horizontal com¬ 
ponent of the earth’s field Ho- 

Place the needle at each of the points marked along the east and 
west lino on this side of the wire where the two fields as.sist each other. 
(Jbsorve the perifjd of oscillation in each position. 

Arrange the results of the observation.s as follows :— 

Period of needle in earth’s field, To= ... sec. 

I 




n’he last column will he fotiiul to be constant, thus showing that the 
magnetic force <luc to a current in a long straight wire varies inversely as 
the tiistance from the wire. 


§4. The Maonetic Field dite to a Circular Coil carrying 

AN Electric Current 


It lias been sho\vn that an electric current sets tip a magnetic field 
in the surrounding space. An important case is that of a circular coil 

of wire carrying an electric current. The lines 



Fw. 224.—MnRnetIc Force 


of magnetic force at all points in the plane of 
the coil are perpendicular to that plane. At 
any such point inside the circular boundary the 
direction of the line of magnetic force is related 
to the direction of the conventional current in 
the same way as the direction of translation 
to the direction of rotation of a right-handed 
screw (Fig. 224). 


due to Circular Current ExPT. 218. Plotting the Magnetic Field of a 

Circular Coil carrying a Current.—A convenient 
apparatus for this experiment consists of a circular coil fixed with 
its piano vertical at the centre of a horizontal board. Thd board is 


raised fi-om the bench so that its plane cuts the coil across a horizontal 
diameter. Drawing-paper is fixed down to the board with pins, a slot 
being cut in the paper to allow it to pass over the top of the coil, and 
the lines of force near to the coil are traced with a compass-needle in the 
same way as the lines of force due to a permanent magnet are traced. 
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Tlie lines of force will not represent tlie fiekl of the coil aloiic, but 
tlie composite Hehl tine to the coil and the earth. The coil may bo 
placed in tico positions : {a) with its plane at riglit angles to tlie magnetic 
meridian, {b) with its plane in the magnetic meridian. 

Send a current tlirough it from some conslaul source of current, 
adjusting the current bj- mean.s of suitable resistances to a convenient 
value.* Trace the lines of force when tlie current is flowing round the 
coil, paying s{>ecial attentioir to the lines of force (1) close to the coil 
and (2) near the neutral points. 

Rxrr. 210. Variation of the Strength of the Magnetic Field due to a 
Circular Coil with the Distance along the Axis. 

(i) By plotting Lines of Force.—If in the foregoing experiment the coil is 
placed with its plane in the magnetic meridian, the field due to the coil 
at all points along its axis will be east and west. The actual field is com¬ 
pounded of the field of the coil and the horizontal component of the 
earth’s field, ami therefore the line.s of force at points along the axis 
will not be exactly eu-st and west, but will be inclined to this direction at 
greater and grt'uter angles as the distance from the coil is increased. 

Find the angle between the lines of force and the magnetic north at 
several points along the axis of the coil, by tracing the lines for a short 
distance ns they cross the axis at these points. Choose the points at the 
distances from the coil indicated in the first column of the following table. 
If the angle between the line of force and the magnetic north is 0, the 
strength of the field F duo to the coil is proportional to tan 6. 

Tabulate the results as below ;— 


DUtAUco from Coil 
nlouf? Axis 

e 

tan 0 

i 

1 7-5 cm. 

10 

12-5 

15 

20 

25 and 30 


1 


Plot a curve showing the variation of tan 0 with distance. This 
indicates the way in whicli-F varies with the distance along tlie axis. 

(ii) By use of a Magnetometer which can slide along the Axis.—A con¬ 
venient type of apparatus to use for this purpose is a tangent galvano¬ 
meter of the Stewart and Gee pattern (Fig. 225). Set up the coil with 
its plane vertical and parallel to the meridian, using the needle of the 
magnetometer to make this adjustment. 

Consult Expt. 220 and Fig. 227 for details of the connections to be 
made. An accumulator may be used provided the resistance in series 
with it is a sliding rheostat {not a box) and has a valxie of at least 5 ohms. 
Long leads are required between the galvanometer and the commutator. 

Send round the tliin wire coil a current sufficient to give a deflection 
of 75" or 80" when the magnetometer needle is exactly in the plane of 

> Accnmulators may bo used if proper precautions arc taken. Current from the lighting mains 
(with o fuse in circuit) con be used conveniently for this experiment wherever direct current is 
supplied : a lamp resistance suitable for adjusting the current to the required value is described 
on p. 490. 




:{H0 


A TEXT BOOK OF PRACTICAL PHYSICS pt. vi, 


the roil ; kcop fins ouiient constant. Slide the magnetometer box 
along tlie axis by steps of 1 cm., amt note the reading of tlie inngneto- 



meter at each distance. Continue thi.s motion as far as the apparatus 
will allow, or until the deflection is reduced to o'*. 

Repeat the measurements on the other side of the coil. 

Tabulate the results us below :— 


\y\<tAUCO 

uloMC AXH 
tl 

Dfflpof Inn 

Out' Sitlr ; 

(^) 

DefU'rtjon ^ 

OOmt Side 

(*^i) 

tnn 

1 

Un 9, 


j 

1 

1 

1 

1 


1 


Plot a curve showing the variation of tan 6 on both sides of the coil. 
This curve should be symmetrical and should have a maximum valtie 
when the needle is at the centre of the coil itself. 

This method Ls preferable to the method (i) where the field is plotted, 
ns it enables the reoflings to be carried on right up to and through the 
middle of the coil. Method (i) m»ist perforce stop near the plane of the coil 
(unless the centre is out out), and the measurementvS near to the coil are 
not very accurate owing to the rapid cm-ving of the lines thereabouts. 





CHAPTER III 


APPARATUS FOR THK MEASUREMENT OF 

('UKRENT 

§ 1. The Tangent Galvanometer 

A galvanometer is an instrument for measuring the strengtli of an 
electric current. By means of tlie tangent galvanometer we can 
measure the strength of a current in absolute electromagnetic units 
(C.G.S. units, defined below). Since one ampere, the practical unit of 
current strength, is defined as one-tenth of the C.G.S. unit of current, 
it is then possible to express the strength of the current in terms of 
the ampere. 

The tangent galvanometer is said to be an absolute instrument, 
because its indications can be reduced to give tlie value of the current 
in absolute units, based on the units of length, mass, and time. As it is 
designed on lines derived b 3 ' theor^’^ its indications cannot be wrong, 
provided the cofulitions demanded by theory are satisfied. The tangent 
galvanometer is one of the standard instruments for the measurement of 
current, and the calibration of all other forms of current meter can bo 
made using a tangent galvanometer as the standard. 


THEORY OF THE TANGENT GALVANOMETER 

The C.G.S. unit of current may be defined as that current which 
flowing through a wire 1 cm. long bent into an arc of a circle of 1 cm. 
radius produces a force of 1 dyne on unit magnetic pole at the 
centre. 

If a current of I units be flowing through 1 cm. of wire bent into an 
arc of r cm. radius, the magnetic force F at the centre is proportional 
to I and inversely proportional to r®. 

F = ^2 dyne per unit pole. 

The direction of the force is perpendicular to the plane of the circle, 
and is related to the direction of the current as is the direction of 
translation to the direction of rotation in a right-handed corkscrew 
(Fig. 224). 
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If the wire forms one complete circle, I = 27rr, hence 

F = X I (lytic jicr unit pole. 

For a circular coil containing n turns, the force is n times this. 

In the .simplest form of tangent galvanometer a circular coil is placed 
trit/i iLi plane in the magnetic meridian so that wnen a current flows 



ELEVATION 




MAGNETIC 


!!iHiuKURIiUnuj^ 


MERIDIAN 


PLAN 


Fio. 220.—Tangent Galvanometer 

A A, oJreular fruine carrying vertical coil or colb, CC 

lill. base provided with levelling mtcuh 

MM. luagnetometer box containing magnet NS and pointer 


through the coil the magnetic force due to it is at right angles to the 
meridian. A magnetometer is placed at the centre of the coil, the 
needle of which is acted on by this force F and by the horizontal 
component H of the earth’s field (Fig. 220). 

These helds being mutually perpendicular, the needle will be 
deflected from the direction of the earth’s field through an angle d such 
that F = H tan 6, see p. 338. 

If the galvanometer coil consists of n turns, 

F = 

r 


But, since 
we obtain 


F = H tan 6, 

= H tan 6, or I = 


2™ 



Since H can be measured in C.G.S. units (p. 355), this equation 
gives the current I in terms of quantities which can all be expressed 
in C.G.S. units. 

The form of the tangent galvanometer is sometimes more compli¬ 
cated. In the general case F = GI, where G is called the galvanometer 
constant. 
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If 1 is unity, G = F, or the galvanometer constant is numerically 
equal to the strength of the magnetic field at the centre of the coil when 
unit current is flowing through it. 

Then 1 = !^ f‘tn d, or 1=K tan 0, 

wliere K is called the reduction factor, or simjjly the factor,* of the 
galvanometer. 

Wlien 0 = 45"^, tan 6 = \, and I = K, or the reduction factor is 
numerically equal to the current required to produce a deflection of 4r>'^. 

Expt. 220. To set up a Tangent Galvanometer and to measure a 
Current in Absolute Units.—Examine t he inst rnment pro\’i(led nutin^ 
particnlai-s supj)lied as to the coil or coil.s. Make a roinjli estimate of llie 
gahanometer constant, G, and the reduction fiictnr K. so as to fin<l tlic- 
current in amperes that would give a deflection of 45'', For the present 
experiment a coil correspoiuling to about 0 05 umpei-e woukl he suitable 
Place the gal\'anometcr in such a position that the pointer of the neetlle 
in the magnetometer box at the centre of the coil lies along the zero 
line of the magnetometer scale. If the instrninent is jjropcrly (Unsigned 
and correctly made, the coil will now be exactly o\er the needle, the 
piano of the coil b«*ing therefore in the magnetic meridian. 

In some foi tn.s of tangeiit galvanometer the magnetometer box has 
no arrangement fitted whereby it can he fixed relatively to the coil. 
In this case, before anything else is <lone, the 7-ero line must bo set as 
accurately as may be along the axis of the coil, aiul care must be taken 
to jirevent it from being moved during the experiment. The adjustment 
given above must next be made. 

A<ljust the level of the instrument so that the needle swings freely. 
Make the connections shown in B'ig. 227, u single Duniell cell B being 



Fig. 227.—Connections for T/ingent Galvanometer 

connected last of all. R is a resistance of about 20 ohms; TT arc long 
flexible leads (twin Jlex). Send a current through the selected coil of the 
in-strument, adjusting the resistance in scries so as to give a deflection 
between 30° and 50°. Use a commutator K to rev'erse the direction of 
the current. Read both ends of the needle, with the current flowing 
first in one direction then in the other. Measure the radius of the coil as 
accurately as pos.sible and count the number of turns through which the 
current was flowing. Calculate the strength of the current in absolute 
units, and also in amperes. 

Note. _For descriptions of Commutators and Resistoi-s, see the chapter 

‘ Notes on Electrical Apparatus ’ (pp. 484-490). 

‘ .Some writers coll K the constant of tbe galvanometer. As K is not con.Htant this cannot bo 
recommended. 
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§2. Ammeters 

The tangent galvanometer determines the absolute value of the 
strengtli of an electric current, but its use for practical current measure¬ 
ment is inconv'enient. Two of the most important objections to its 
use are— 

(а) The deflection of the needle is not proportional to the current. 

(б) The deflection for a given current depends on the external 
magnetic field H. 

The first difficulty can be got over by graduating the scale so 
tliat the readings are proportional to the tangents instead of pro¬ 
portional to the angles. 

The second objection is more serious. Any instrument in which the 
determination depends on an external magnetic field is unsuited for 
use in the neighbourhood of large masses of iron, while in such places 
as Electric Supply Stations it cannot be used at all, owing to the 
enormous lariable fields set up by the working of dynamos and other 
electrical machinery. Further, great inconvenience attends the use of 
the tangent galvanometer because it must be placed in a definite 
position relative to the field and cannot be used in any other position. 

The ampere is one-tenth of the electromagnetic C.G.S. unit of 
current. Other units are the milli-ampere (10”® ampere) and the 
micro-ampere (10"* ampere). 

Instruments arranged so as to secure direct readings of the strength 
of a current in amperes (or multiples or sub-multiples of an ampere) are 
usually called ampere-meters, or, as the word is usually contracted, 
ammeters. These ammeters are designed in various ways : some 
depend on the elongation of a wire due to the heating effect of the 
current flowing through it; others on the attraction, or mutual turning 
effect, between two coils carrying the current; but the majority depend 
on the rotation of a small coil carr3dng a definite fraction of the current 
when placed in the strong magnetic field between the poles of a perma¬ 
nent magnet. 

THE MOVING-COIL AMMETER 

This instrument is very important, but to imderstand its action 
requires a greater knowledge of the subject than the student at this 
stage is supposed to possess. This lack of knowledge need not prevent 
its use, however, as the method of using it is so simple. A description 
of the apparatus is given in a later chapter (p. 482). 

THE ATTRACTED IRON AMMETER 

A form of ammeter simple to understand is the Attracted Iron Am¬ 
meter. This is described briefly on p. 481. 
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III tlu* silllj>k‘r>t 
from a spiral spring 
or solenoitl, of wire. 


form of attiacteil iron ammeter ‘ there is suspon<ie(l 
a bar of iron, whoso lower en<l just enters a long coil. 


Wlien a cuiTont passes round this coil, tlie iron bar is magnetised and 
is atti'acted some distance into the coil. The 


amount of motion whicli takes place depemls on 
tlie force of attraction and the stifYness of the spring. 
The iron moves down until the attracting force is 
just ec|ualisecl b_N- tlie extra tension of the spring due 
to its elongation. 

Now for a given current there is a definite pull 
exerted on the iron by the coil, and tlierefore the 
spring will always stretch to the same amount when 
this current passes round the coil. The relation 
between the pull on the iron ami the current in 
the coil is, however, not simple by any means ; in 
fact, no single law which woukl apply to every 
case could be given to express this relation. The 
instrument thus difYei's from the tangent galvano¬ 
meter in that the relation between exlension and 
current is empirical, or can be fouml only by trial, 
while the tangent relation between the deflection and 
curi’ent in a tangent galvanometer can be predicted 
fiom theoretical consideratioiLs. 



Fig. 228 .—AllnictciJ Iron 

Expt. 221. Calibration of an Attracted Iron AmmrUT 


Ammeter.—Set up a tangent galvanometer for use 

(l>. 383). Connect in series with it through a reversing key, the ammeter 
to be calibrated, a rough regulating resistance (with a length of bare 
platinoid wire to give closer adjustment if requireil). and a cell capable 
of supplying large currents. Use the thick wire turns of the galvano¬ 
meter. The connections are as in Fig. 22U. The cell is to be connected 


laat of all. 

An ordinart/ resistance box must not on ani/ account be used in this 
experiment : the large currents used would completely ruin the coils. 



Fio. 229. Calibration of an Ammeter 


A, ammeter readlnR to 3 or 5 amperes 
It, resistance of about 5 to 7 ohms 
n, 2-volt accumulator 
O, taiiRcnt fialvauomoter 
K. reversing switch 


Both the ammeter and the regulating resistance must be kept as far 
a.s possible from the tangent galvanometer, so as to diminish the effect 

• In Fiff *’■’8 a irradualed spring-balance is shown. An alternative plan is to use a long spiral 
spring caUbrated os’ in Expt. 54. SmaUcr currents can then be used. 
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of iho i.mtinr-tic (ieUU due to tlu-m on the needle of ‘'*5^ R''*' 

Tlic wires leiulinp to the tangent gnlvanometer ‘f 

gether so that the magnetic field ilue to one may neutralise that due to 
the other. Twin flexible connections are very useful m this ease. 

Observe the reading of tlie pointer of the spring balance and of the 
needle of the galvanometer when a current is piussing round the circuit. 

Kei>eat the observations for different values ot the current, choosing 
values which will give deflections of the galvanometer increasing by 

approximately 5° at a time. . , . 

^ Determine the number of turns (usually one or 
nicnt) in the coil of the galvanometer, and the rndiu.s of ®oil. Ihe 
value of H. the horizontal component of the earths magnetic held, can 
be found by the method described in the magnetism course (p. Joo). 

The expression for the cuircnt in absolute units (p. 382) is 


or in amperes 


I = ^- tun 6, 

2irn 

I (amp.)= —- tan 9. 


The results should be arranged in tabular form under the headings ; 


Ammeter Reatilog 

0 

tan 0 

1 (amp.) 




1 


Plot a curve showing ammeter readings as abscissae, and currents as 
ordinates. This curve can then be used at any time to reduce ammeter 
reatlings to currents in amperes. 

Any form of ammeter or milliammetor may be calibrated by the method 
just described provided due care is taken in selecting suitable resistances 
and suitable galvanometer coils. Preferably the deflections to be observed 
should not be much greater than 60° or less than 30°. 

Expt. 222A. The Calibration of an Ammeter already graduated.— 
Set up the tangent galvanometer as described on p. 383. Join up^ in 
series an adjustable resistance (about i> to 7 ohms), an ammeter reading 
to 3 or 5 amperes and a 2*volt accumulator. 

Note the following points ;— 

(1) For an ammeter reading to 3 or 5 amperes use the galvanometer 
terminals connected to the single turn of thick copper wire. 

(2) Use a commutator so as to be able to reverse the current through 
the galvanometer (not through the ammeter) and take I'eadings on both 
sides of the zero. 

(3) Be careful to connect the +pole of the accximulator to the 
+ terminal of the ammeter. (This is immaterial with a hot-wire instru¬ 
ment.) 

(4) As most ammeters contain a strong permanent magnet, the 
ammeter must be placed as far as possible from the tangent galvano¬ 
meter. 

(5) Twin wires must be used from the commutator to the ammeter, 
or else the two wires used must be twisted together; otherwise the 

I 
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lifUl (iiK* to the cnrrent in these wires will have an appreciable elfect on 
the ^alvanmneter leading. 

Take a series of rea<lin^s of lh<‘ aininet«‘r and galvanometer for 
<liner«Mit values of the resistance. 'I'he rt‘sistanc<( slionid he adjusted 
so as to alter the cnrrent h\ abo\it liulf an am|)erc Ijetweeii the readings, 
Metisure carefully tlie diametei- of tlie coil of the tangent galvano¬ 
meter, using a pair of beam compasses. 


Calculate the galvanometer constant C, and also the re<luction factor K. 



11 _ rH 
(J - 2h/i‘ 


Then calculate the current through the galvanometer in absolute units 
and tlcduce tlie value in ainjieres. 

I = tan 0 

2rrn 


in electromagnetic units, and one absolute electromagnetic unit equals 
10 amperes. 

The table of observations should bo arranged as below :— 


Amm«'t<‘r 

A, 

ill Nominal 
Amperes 

Tauiicnt Ciulvaiionu tur 

A 

I 

DeDcctlnii 0 

Un 0 

1 

1 (abi». luilU) 

1 

1 (amp.) 


1 

1 






Exi't. 222B.—The Calibration of a Milliammeter already graduated.— 
This calibration is similar to that in Expt. 222A, but a larger adjustable 
resistance is required, aiul a coil of the tangent galvanometer coiitaining 
many turns must be used. 


DISCUSSION OF EXPERIMENTAL RESULTS 

Tile errors of an ammeter may be divided into two types :— 

(n) If the last column, giving the ratio of A to I, is a constant, 
the instrument is self-consistent, for the current is proportional to tiie 
indications of the ammeter even if not actually equal to them. Any 
error, therefore, is a ‘proportional error, and the true current can be 
obtained by multiplying the current indicated by the ammeter by a 
certain factor which is the same for all parts of tlie scale. 

To determine the Correction Factor, calculate the mean of the 
approximately equal values of A/I. The reciprocal of this quantity is 
the correction factor, for the true current is given by multiplying the 
ammeter reading by the mean value of I/A. 
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(6) If the values of A/I are not constant within the limits of experi 
mental error, arrange a correction table as follows ;— 


Uca4litiR. A 

True (’nrront, 1 

Correction, I — A 

> 





A correction curve should be plotted, w’itli I-A as ordinate and 
A as abscissa. The ordinate corresponding with any reading gives the 
correction to be added to that reading to give the true current. Any 
zero error may be included in this curve. 

Note. —In case (a) the value of I is calculated on an as.sumed value 
of H. If A/I is not unity, the tlivergence may be due to an error in the 
assumed value cjf tl. The value of H deterrninetl in the experiment on the 
earth’s fiehl for the particular place where the galvanometer is used should 
Ijc taken. If H is not known with certainty, it should be determined and I 
recalculated before concluding that the ajnineter is incorrect. 


§ 3. Ohm’s Law 

Ohm’s Law (1827) states that when two points are taken on a 
conductor in the form of a line, the ratio of the difference of potential 
E between those points to the current I flowing through the conductor 
is a constant, that is, it depends only on the form, dimensions and 
physical condition of the conductor. This constant ratio is termed 
the resistance R of the conductor. Thus 



The name resistor may be given to any apparatus used because of 
the electrical resistance it possesses. 

If E and I are measured in C.G.S. electromagnetic units, then R 
will also be in C.G.S. units. If practical units are employed I will be 
in amperes. E in volts, and R in ohms. The ohm = 10® C.G.S. units. 
For purposes of practical measurement the International Ohm is 
defined as the resistance of a column of mercury at O® C., 14-4521 gm. 
in mass, of a constant cross section, and of length 106-300 cm. 

The reciprocal of the resistance is termed the conductance. 

Ohm s Law may be extended to a complete circuit, if E now repre¬ 
sent the electromotive force (E.M.F.) in the circuit and R the total 
resistance of the circuit. 
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Hence the current flowing round tlie circuit is given by 

1 =?- 

^ R 


It is assumed that the insulation is perfect, and no leakage of 
electricity occurs at any place. 

The current has the same value at each point of the circuit, and 
may he measured by introducing a tangent galvanometer at any part 
of the circuit. The strength of the current is then given by 

I = K tan 0, 


where K is a constant called the reduction factor, or simply the factor, 
of the galvanometer. 

Combining these two values for I we obtain 


or 


E 

R 

E 

K 


= K tan 6, 


= R tan 0. 


Hence if E, the electromotive force in the circuit, is constant, 
R tan 0 must be a constant quantity. 

Exrr. 22.3. An Experiment illustrating Ohm's Law and the Law of 
the Tangent Galvanometer.—Join up in series with tho galvanometer a 
2*volt accumulator, a resistance box, and a key. As the internal resist¬ 
ance of the accumulator is small, and a large current would damage the 
resistance coils, at loa.st 30 ohms must always bo kept in the circuit, so 
R mu.st be not less than 30 ohms. Sometimes tho tangent galvanometer 
is provided with a number of terminals on one side of the stand. In this 
experiment tho two terminals connected with the largest number of turns 
should be u.sed so that the current may pass thi'ough all the coils of the 
galvanometer. Commence by having in the circuit all the resistance in 
tho box {when the plugs are taken out of the box, resistance is put in tho 
circuit), and observ’o the deflection of tho tangent galvanometer with 
tho current flowing first in one direction and then in the other. Take 
the mean of the two readings as the measure of the true deflection. 

]\Iake a series of observations, taking out in succession plugs corre¬ 
sponding to resistances of (say) 210, 190, 170, 150, 130, 110, 90, 70, 50, 
and 30 ohms. 

Make a table of tho results thu.s :— 


K olimd 

DcflcctiOD 0 

tan $ 

11 tan s 


1 




If R tan 6 is constant R must bo proportional to cot 6. Plot a graph, 
taking values of R as abscissia? and tho values of cot 6 as ordinates. This 
should yield a straight line. 

The constancy of the last column of the table is a consequence of tho 
two laws I = K tan $ and I = E/R. 
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In taking: H. tho rosistonce in the box, as the/w// resistance of the 
circuit. It is assunuxl that the resistances of the galvanometer and of tho 
battery are negligible. If this is not tho case, a value x o(|ual to the sum 
of tlu'so (assumed known) should bo added to R an<l another coluiim 
(K f r) tail 0 drawn out. This will be more nearly constant than K tan 0. 

If X is not known, an apiiroxiniate value for x can bo obtained from the first 

and Inst numbers in tho coliimri R tan 0. i • /i i 

Let tho first resistance bo Ri and the deflection corresponding to this Oi, the 
hist resistance being and tho deflection Then we know that 

(Rj +x) tan $1 55 (Rj +x) tan 0^, 


whence 


_ Rj tan $2 - Ri ta n 6i 


tan 0, - tan 0. 

Substitute this value of x in tho expression (R + x) tan 0 and calculate the 


value of (R -t-.r) tan 0 for each set of obsorx ations. 

The type of variation of the column K tan if accurately determined, aflords 
an interesting example of the effect of a AifMfrinaftc errw involved in an experiment, 
It will he found that H tan 0 on the u'holc incren^'cs stradilf/ as the higher resistances 
are aj)proarhe<l. This is duo to tho fact that the <iuantity x which has been 
neglected bccoiuos of less anil less rr/u/ire importance as the total resistance gets 
larger, so (hat the values of R tan 0 approach the true constant (R+x) tan 0 
more and more closely as R is iruTeasefl. 

Whenever a regular increase or decrease takes place in a quantity which 
should l>e constant, iis one factor of tlie constant is altered steadily, a /<ysl€tnalic 
error of this type should be looked for in the experiment or in the method of 
working out. 


RESISTANCE BY THE METHOD OF SUBSTITUTION 

When a resistance box, containing a number of coils of known 
resistance arranged in series, is available, a simple method of finding 
the value of an unknown resistance is that known as the Method of 
Substitution. A current from a cell or battery of constant E.M.F. is 
passed through the unknown resistance and through a galvanometer, 
and the deflection of the galvanometer is observed. 

The type of galvanometer used is immaterial provided a reasonable 
deflection can be obtained with the resistance and E.M.F. available. 
If the deflection be too large, it may be diminished by shunting the 
galvanometer, that is by joining its terminals by a resistance, such as 
a piece of platinoid wire, so that only a fraction of the whole current 
passes through the galvanometer. A tangent galvanometer will serve 
well for this experiment in general. 

The unknown resistance is then replaced by the resistance box, and 
the resistance of the latter adjusted till the galvanometer deflection 
has the same value as before. Then obviously, if the E.M.F. has 
remained constant, the unknown resistance must be equal to that 
obtained by the use of the resistance box. 

Expt. 224. Determination of a Resistance by the Method of Substitu¬ 
tion.—Connect up in scries ns in Fig. 227 a cell B, a galvanometer G, and 
the resistance R which is to bo determined. Remember that the cell is 
to be connected last of all. If a tangent galvanometer is used, it should 
be set up with a commutator K, in the manner described on p. 383, with 
the current passing througli all the turns of the galvanometer. Where 
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tills is not possible, tlie coil having the largest munher of turns must 
be used. 

The cell uso<l may be a Daniell cell, since t hat gives a constant electro- 
inotive force, or it may be a secondary cell. In the latter case, since tlie 
internal resistance of the cell is small, tjrcat care must be taken in the second 
part of (he experiment tvhen the resistance box is substituted for the unknown 
resistan cc. 

.Measure the deflection with the unknown resistance in the circuit. 

Replace the unknown re.sistance by the resistance box, from which 
all the phu/s should hare bcot removed, and adjust the value of the lesist- 
ance in the box down to such a \-aluo that the deflection may have the 
same value as before. The resistance must not be reduced below 30 ohms 
in any case. Theii the sum of all llie numbers from wliich plugs are 
absent in the resistance box represents the value of tlio unknown resist¬ 
ance. Repeat the determination after reversing the cuiTont, 

Note on Determination of Resistance by Substitution.—Tho degree of accuracy 
obtainable by this is not at all large for it depends on tijo accuracy of rending 
deflections, and therefore is inaccurate to tho same degree as tho readings of tlio 
deflections may be inaccurate, say to 2 or 3 per cent. 

Also, the adjustment of tlie resi.stance in tho resistance box is only possible in 
definite steps of 1 ohm (or possilily 0-1 ohm if a ‘ decimal ’ ohm box is used). Tho 
value of the equivalent rcsistanco substituted for the unknown can never be 
correctly adjusted except in tho rare ease.s when the unknown resistance is an 
integral number of ohin.s (or tenths of an ohm). 

Furthermore tho limits of resistance for which the method is at all suitable 
depend largely on tho galvanometer used. For resistances between 30 and 70 
ohms on ordinary tangent galvanometer is useful. Above 70 ohms or thereabouts, 
a rnoro sensitive typo of galvanometer must bo used. The method is entirely 
unsuited for low resistances. 

The only way to test whether the unknown resistance is of magnitude suitable 
for determination by this method is to connect it up to tho roughest form of 
galvanometer available. If the deflection is small, 5’ or so, tho method may bo 
usofl. but a rnoro delicate galvanometer must be employed. If tho deflection is 
between 10^ and 70’ tho galvanometer first chosen may bo used. If tho deflection 
is above 70'* with tho roughest gulvanomotor available, the method is quite 
unsuitable for this particular resistance and another way must be used (see 
Wheatstone’s Bridge, p. 411). 


EESISTANCES IN SERIES AND IN PARALLEL 

For resistances in Series 

R — Rj + R2 + R3 + etCr 
Resistances in Series 

--vwCma— 


Resistances in Raraitet 



FlO. 230.—RosisUinces in Series and in Parallel 

If resistances R|, Rg, R 3 , etc., are connected in aeries, their equivalent 
resistance R is the sum of the separate resistances. 
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It is assumed that cadi separate resistor obeys Olim's Law, and that 
tlic insulation is perfect throughout. Resistances connected in pai‘aU€.l, 
however, iiave an equivalent resistance less than any one of the con- 
stitiient resistances ; the total conductance in this case is the sum of 
the conductances of the constituent resistances, or 


For resistances in Parallel 


I 




The student should derive this result by applying Ohm’s Law to the 
various resistances. The combined resistance of a number of ‘ branches , 
or resistors in parallel, is always less than that of any individual branch. 


Expt. 225. An Experiment on Resistances in Series and in Parallel.— 
Measure the value of two .separate resistances Ri and Rj by the method 
of substitution. Next place the two resistances in series with one another, 
and measure the resultant resistance, K, also by the method of substitu¬ 
tion. 


Verify the result that R = R,-)-Rj. 

Finally arrange the two resistances in parallel with one another and 
measure the ecjuivalent resistance, S, in the same way. 


Verify the result that i = + 

* o 



GALVANOMETER SHUNTS 

When a resistance of S ohms is placed in parallel (or as a shunt) 
with a galvanometer of resistance G ohms the current flowing through 
the galvanometer is reduced in general. When, however, the potential 
difference applied to the galvanometer terminals is kept constant, 
shunting the galvanometer has no effect on the current flowing 
through it. 

It is assumed that the total current flowing round the circuit is un- 
altered by the introduction of the shunt. This will be practically true 
provided the resistance of the remainder of the circuit is large com¬ 
pared with the resistance of the galvanometer. 

Let I = total current flowing round the circuit, 

Iq = current tlirough the galvanometer, 

Ig = current through the shunt, 

then, when no electrical leakage occurs, I = Io-j-l8. Hence l8 = I -Iq. 

We m\ist now find what fraction of the total current passes through 
the galvanometer. 

Let E= difference of potential between the terminals A and B. 
By Ohm’s Law E =IoG, and also E =IbS. 
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So I,,0 = I.^S, the curicnts through the galvanometer and the shunt 
being inversely proportional to the resistances. 



Fig. 231.—Prinri|iU' of Galvan^nirter Shunt 


Hence, since la = I - In, IqG = (I - Io)S. ^ 

Therefore Ig(G + S) = IS, or, finally, 

If, for example, S =qG we see that Ir. = jqI- 

Further, if the ratio l/lo is found, the value of the resistance of the 
galvanometer G can be found in terms of S. 

If a tangent galvanometer be used, the current is given by the 
equation I=K tan where JC is the reduction factor and the de¬ 
flection of the galvanometer due to the current I. Denoting the 
deflection without the shunt by 4>, and the deflection when shunted 


by <f>i, we have 


But 

therefore 

whence 

The student must 


I _ K tan 
Io"K tan <j>i 

I G^^ 

S ’ 

G4-S tan <f) 
tan if I 



deduce this from the above. 


ExPT 226. Determination of the Resistance of a Galvanometer by 
Shunting.—Connect up, as shown in Fig. 232, a secondary cell B. a 



FIO. 232.—Resistance of Galvanometer by Shunting 


reversing switch K, and a resistance R (which must be at least 40 ohms) 
with the galvanometer G and the shunt S. 
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Observe the deflection of tbo galvanometer before connecting the 
shunt t<) it, then connect up the shunt and find the deflections corre¬ 
sponding with various shunt resistances; a suitable range of S for an 
oi'cliiuiry tangent galvanometer would be from 1 to 20 ohms. 

The current must be reversed for each reading and the mean of the 
deflections taken as the true value of 

Arrange the observations in a table os shown 


S 




1 

2 

3 

4 

5 
7 

10 

\r* 

20 




tan 

tan ^ 
tan ^ 

^Vtan^i 




1 

1 


% 


\^'hen no shunt is connected, the shunt resistance is infinite, the 
deflection in this case is the full deflection 

The last column will be approximately constant, its mean may be 
taken as the value of G. 


Note.— The method of working out the value of G in this experiment 
is based on the assumption that the total current is not appreciably altered 
when the shunt resistance is connected up. Unless R is at least 20 times 
the value of G, this assumption i.s not sufficiently near to the truth. If, 
therefore, the value of the numbers in the last column is greater than 
5 per cent of R, the experiment should be repeated, using a resistance R 
of the reqjiisite magnitude. 

^Vhen G is only 5 per cent of R the maximum variation of current 
cannot exceed per cent, even when G is entirely short-circuited, and the 
errors in the deflections observed may introduce errors of this magnitude 
into the result. The best value of G corresponds with a shunt S which gives 
tan <^| = i tan 

llie value of G may also be calculated from the expression 

RG fan if> 

S(R-J-G)“tarr^, “ 

even when R is less than 20 times G. 


KIRCHHOPF’S LAWS 

For the two laws stated by Kirchhoff as to the conditions 
determining currents in a network of conductors, see page 431. 




CHAPTER IV 


ELECTROMOTIVE FORCE ANT) INTERNAL 

RESISTANCE OF A C'ELL 

§ 1. Simple Discussion of the Action of a Voltaic Cell 

The following divscussion is not to be taken as a tlieory of the funda¬ 
mental electrolytic and chemical actions which are concerned in the 
action of a voltaic cell, but is to be used merely as a useful working 
hypothesis for dealing with the electromotive force (E.M.F.) and the 
potential difference (P.D.) between the terminals. 

Note.—W e shall for the present adopt the old convention, and 
regard the current as a flow of positive electricity. 

CELL ON ‘ OPEN CIRCUIT ’ 

Two plates of different metals immersed in a suitable solution at 
once acquire a difference of potential. In the following treatment the 
case of a simple cell will be considered, the terras copper and zinc being 
used to indicate the positive and negative plates respectively, though 
the general account of tlie happenings detailed will apply to any type 
of cell whatsoever. 

As soon as the plates are put in the liquid, positive electricity begins 
to move through the liquid towards the copper. This positive electricity 
may be supposed to come from the zinc plate, which is accordingly left 
negatively charged. The motion of the positive electricity is due en¬ 
tirely to the chemical nature of the cell, and the electromotive force 
prorlucing the flow of electricity may be termed an Electromotive Force 

of Chemical Action or a Chemical E.M.F. 

This chemical E.M.F. urges positive electricity from the zinc plate 
to the copper plate through the liquid in the cell, that is to say, the 
E.M.F. of a cell acts from the negative pole to the positive pole of the cell. 

This statement is universally true for all cells, and it must be noted 
that the term the E.M.F. of a cell means simply the force driving 
electricity through tlie cell, and as such it can only be used with 
reference to the interior action of the cell. 

The positive electricity carried across the cell from the zinc to the 
copper raises the potential of the copper plate above that of the zinc. 
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There are now tuo forces acting on any positive charge inside the cell. 
Thi.s charge i.s urged from the zinc to the copper by the E.M.F. of the 
cell, and is urged from the copper to the zinc in consequence of the 
potential difference between these two, this P.D. having been acquired 
as a result of the action of the chemical E.M.F. of the cell. 

The P.D., so far from being identical with the E.M.F. of the cell, as is 
often imagined to be the case, is only a result of the action of this E.M.F.; 
inside the cell the F.D. and the E.M.F. act in opposition. 

Tlio plates are not connected externally in any way, since the cell 
is on o[)en circuit, and therefore the potential difference continues to 
ris(‘, due to the accumulation of electricity on the two plates. It 
cannot rise indefinitely, however, for there is only a limited E.M.F. 
acting in.'Jidc the cell. The potential difference will rise to such a 
value V' that the tendency of the jjositive electricity to flow from 
zinc to copper under the E.M.F. of the cell is just balanced by its 
tendency to flow from copper to zinc due to the P.D. When this 
balance between the E.M.F. and the P.D. occurs, no motion of electricity 
will take place in either direction through the cell, and all action ceases. 

Thus on open circuit, or generally, when no current is flowing in 
either direction through the cell, the P.D. between the plates of the cell 
V' will be equal to the E.M.F. of the cell. 

On open circuit 

V' = E. 

It i.s impossible to measure E directly ; we can only measure an 
E.M.F. by the P.D. it creates, therefore to measure the E.M.F. of a 


Zn Cu 

_ + _ 

€.M.r. to 
Cftcmica/ action 

“ E— 

P.O. = V'-*-; 

Net E.M.F. aO, 
since V'“E. 

Fig. 233.—Coll on Opon CircHlt 


External Nesistance R. 



Fio. 234.—Cell on Closed Circuit • 



cell we measure the P.D. across its terminals when on open circuit, the 
value of this P.D. (V') being equal to the E.M.F. of the cell, E. 


CELL ON ‘ CLOSED CIKCTJIT ’ 

Outside the Cell.—Suppose the plates of the cell to be connected by 
a wire of resistance R. The electricity at once begins to flow through 

• ilJk diAgram the coiivcational positive current only is sboim. Inside the ceU ions travel 
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this wire vimier tlie action of the P.D. between tlie ])lates. There is 
no chemical action in the wire at all, and hence the P.D. is tlie only 
force driving electricity through it, and therefore the clectricit\’ will 
flow from copper to zinc through tlie Avire. 

At once, as soon a.s the wii-e is connected uji, the potential difl'erence 
between the two plates will begin to diminish ouing to tlie passage of 
electricity from one plate to the other. If V he the value of the 
Iiotential difference at any instant, the current flowing through the 
wire will be 

T 


Ij representing tlie current in the external circuit, that is the current 
in the wire connecting the plates. 

Inside the Cell there is still the E.M.F. of the cell acting, and the 
value of this will not liave altered in the slightest (jiolarisation effects 
will be considered later) since it is a property of the chemical constitu¬ 
tion of the cell. Its action is not now opposeil by the potential difference 
V', but by a diminished P.D., V. The E.M.F. Avill therefore begin to 
drive electricity through the cell again, from zinc to copper, the net 
driving force being the difference between the E.jM.F. of the cell and 
the value of the now diminished P.D., V. If the resistance of the cell 
(its internal resistance) is B, the current flowing inside the cell from 
zinc to copper will be 

E-V 


1 * = 


B' 


Thus, we have going on simultaneously a flow of electricity away 
from the copper plate through the external circuit equal to 

units of electricity per second, and a flow of electricity towards the 
copper plate from the inside of the cell equal to 

, E-V 

h- 3 ‘ 

As V gets smaller and smaller, the rate of loss of electricity from 
the copper plate, Ij, will diminish, and the rate of gain of electricity, Ig, 
will increase. When these two become equal, V will become steady again, 
though of course less than V', and Ave shall have 

1^=12 = I (say) 

V_E-V 

and 3 

Thus, when a cell has its external circuit completed through a 
simple resistance R, the P.D. between the plates falls to some value 
V, such that the current inside the cell from zinc to copper is equal 
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to the current flowing outside the cell from copper to zinc. From the 
relation hetMoen the new F.J-). (\’), the E.M.F. (E) of the cell, we can 
easily show that JSV=K(E-V) and RE=V(R + B), where B is the 
internal resistance of the cell and R the external resistance. These 
relations can also he proved by a ditferent method (pp. 403-404). 

It will, of couise, be realised that the adjustment of the P.D. to the 
value =E is almost instantaneous, and the P.D. falls to its steady 
value V in an extremely minute fraction of a second when the external 
circuit is closed. 

When a current t.9 driven through a cell from copper to zinc (or from 
positi\ e to negative) the j)otential difference applied has to be greater 
tliaii E, because it overcomes E and also overcomes the resistance of 
the battery. The student is recommended to investigate this case in 
the same manner as above, and to show that the current driven through 
the cell or battery from positive to negative is given by 

T V-E 
B ' 

wlierc V is the applied P.D. This result is useful in charging accumu¬ 
lators. 

Effect of Polarisation.—Polarisation occurs in a cell due to any change in 
the chomicul constitution of the cell. If too large a current is taken from the 
cell, the liquiil round the zinc becomes ‘ used up ’, or the oxidising agent 
near the positive plate is unable to cope with the rapid generation of hydro¬ 
gen there, and so the plate becomes coated with hydrogen. The chemical 
constitution of the liquid just near the plates is thereby changed, and the 
plates themselves are altered in character. The E.IM.F. of the cell is changed 
in consequence and is not restored to its original value until diffusion of the 
Hc|uid and oxidation of the liydrogen has reproducetl the original conditions. 
It is a.ssurned in the foregoing discussion that the cell is never overloaded to 
such on extent as to produce polarisation. 


§ 2. Comparison of Electromotive Forces op two Cells 
SUM AND DIFFERENCE METHOD USING A GALVANOMETER 

This method enables us to compare the electromotive forces of 

two cells, but does not give an absolute measure of the electromotive 
force. 

In addition to the cells or batteries to be compared, a galvanometer 
or some other instrument for measuring the strength of a current is 
required, together with a resistance to adjust the current to a suitable 
value. Let Ej be the E.M.F. of the first cell, the resistance of which is 
Bi, and Eg the E.M.F. of the second cell, the resistance of which is Bg. 
I^t G be the resistance of the galvanometer and R the resistance of 
t le rest of the circuit. None of these resistances need be known, but 
they must all be constant during the whole of the experiment. 
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Tlie cells are first connected in series with the resistance and tlie 
galvanometer, arranging the cells so as to (issi.it each other : the 
E.M.F. in circuit now is the sum of 1C, atul K.^. 

By Ohm's Law and the definition of resistance 


E.M.F. in circuit , n • i • 

—:- 7 —:-r7 = Current flowing rouml circuit. 

Resistance of circuit ® 

E, -t- Eo ^ 

R + G + B/riL " 

11 is the current flowing in the circuit, and is measured by the 
deflection of the galvanometer. 

One of the cells is now reversed—for preference this should be 
the we/iker, say E 2 , though it is immaterial which cell is reversed if 
the galvanometer is used with a commutator. 

The E.M.F. now in circuit is Ej-Eg, and the current will have 
some value lo given by 

E,-E., 

R + G + B 1 + B 2 " “ 

1 2 is measured by the deflection of the galvanometer and then, 
sitice iiont of the resista/Kxs have been altered, we have 

or 

Ei-E^^Ia’ Ea I 1 -I 2 

Expt. 227. Comparison of E.M.F.s by the Sum and Difference 
Method using a Tangent Galvanometer.—The method may bo u.sed to 
compare the E.M.F.s of a Le- 
clanchd and of a Daniell cell, or 
to compare either of these with 
that of an accumulator. 

Sot up a tangent galvano* 
meter G with a commutator K 
as described on p. 383, connect¬ 
ing in series with the galvano¬ 
meter, a resistance box, R, from 
which all the plage have been 
removed. The current should 
go through all the coils of the 
galvanometer. 

Arrange the two cells B,, B* 
in series so as to assist each 
other, and connect them so as 
to send a current through the 
galvanometer and the resistance 
box in series, the connections 
being ma<le so that the current 
through the galvanometer can 

be reversed (Fig, 235). ^ , 1 ^ 

Reduce the resistance of the box by inserting plugs until the deflection 

of the galvanometer is about 65®. In no case must the resistance of the 
box be reduced to lees than 30 ohms. 




PlO. 235.—E.M.F.s by Sum mul DifTcrencc 
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Rfud tlic cK-Hoctiou of the galvanometer with the. current passing 
tlirough it. first in one direction, then in the other: let the mean de¬ 
flection be 0,. Then the eurront I, is given by 

I, = K tan 

where K is the reduction factor of the galvanometer (this need not 
be known since we retjuiix? only tlie ratio of li to Ij). 

Reverse the weaker of the two cells os shown in Fig. 235, but do not 
alter any other connection ; i/ possible ai'oid shaking the cells while di.s- 
eonr»eeti'ng Rj aiul connecting it up reversed, otherwise their internal 
resistances may be changed. 

If B.. is the mean deflection observed with Bj revei’sed. 


Then since 


Ij = K tan Oi. 

I, K tan _ t an g , 

Ij ^ K tan tan 


it follows from p. 399 that 

El _ I,I, _ tan dj-Ptan B^ 
Ej ~ Ii - Ij" tan 6, - tan 


Calculate in this way the ratio of the E.M.F.s of the two cells used. 
If one cell is a Daniell, with a solution of ZnSO, an the exciting liquid, its 
E.M.F. may be taken as 1 07 volts, and the E.M.F. of the other cell can be 
calculated on this assumption from the ratio obtained by experiment. 


THE POTENTIOMETER 

The potentiometer is an apparatus used for the comparison of 
electromotive forces. It is usually in the form of a long uniform wire 

stretched on a flat board, 
S which is fitted with a 

sliding key so that con¬ 
tact may be made with 
any desired point on the 
D wire. When the wire is 
very long, it is often ar¬ 
ranged in zigzag fashion 
on the board so as to 

FIQ. 236 —I'riiiciMf of tlie PntenUometer economise Space, OF a 

number of parallel wires 

may have their ends so connected by thick pieces of copper that a current 
may be passed through them in series. In considering tlie theory of the 
apparatus it will be simpler to think of a single straight wire (Fig. 236). 

A constant battery S (which may consist of one or two secondary 
cells) is used to send a steady current through the uniform wire AD. 
The point A is connected with the positive pole of the battery, so that 
there is a fall of potential from the point A to the point D. If the wire 
be uniform, the potential ^vill diminish in a regular way as we pass 
from A to D. 
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Tlie oliject of the experiment is to eompare tlie K.M.F.s of tuo cells, 
which may ho called Ej and Eg. The first cell has its positive terminal 
coiiiu'cted to the point A. its negative terminal is connected through a 
galvanometer (1 to the sliding key, which makes <-ontact with a ]ioint 
P on the potentiometer wire. By moving the key backwards and 
forwards, a point Pj is found sueli that no deflection of the galvano¬ 
meter i.s observed when the key is pressed down. When this point is 
found no current flows through the galvanometer and also no current 
flows through the cell Ej. As we shall see, this means that the electro¬ 
motive force Ej^ of the cell exactly balances the difl'erenee of potential 
between A and P^. For if no current flows through the galvanometei', 
the potential of the point Pj must be tlie same as the potential of the 
pole of the cell connected to the galvanometer, so that the fall in 
potential through the cell must be exactly equal to the fall of iiotential 
along the wire between A and Pi. There is, however, no current flowing 
through the cell, therefore the P.D. between the plates is equal to the 
E.M.F. of the cell (p. 390). The condition that is satisfied, therefore, 
is that the electromotive force Ej of the cell under test is exactly cfjual 
to the difference of potential between A and Pj. 

The same process is then carricii out with the cell Ej, and a point 
P, i.s found, such that the electromotive force Eo exactly balances the 
difference of potential between A and P,. 

El _Diff. of potential between A and P^ 

Eg “ ^ A and P'a 

If the steady current through the potentiometer wire be I, 

P.D. between A and Pj =»I x Resistance of APi and 
P.D. between A and Pg = I x Resistance of APo. 

Ej _ Resistance of_A^ ^ Lengt h of AP i 
Thus “Resistance of APg Length of APg’ 

assuming the wire to be uniform. 

The comparison of E.M.F.s is carried out by comparing the lengths 
of the potentiometer wire necessary to secure a balance. 

It is of course assumed that the battery S maintains a constant 
current during the experiment. The P.D. between the terminals A 
and D of the wire when this steady current is flowing, must be greater 
than the E.M.F. of either cell. 

Expt. 228. Comparison of the E.M.F.s of two Cells by means of a 
Potentiometer.—Connect an accumulator S (or in some experiments two 
in series) tlxrough a low re.sistanco to the ends of a potentiometer wire * 

‘ In practice 10 roctrrs of n-sisUnco wire is frequently used, being umnged in zig/oig fasliion 
on a base-board. The wire of an ordinary metre-bridge would bo overheated if it were connected 
directly to an accumulator, and if a resisUnce is in scries with it the P.D. between its ends will l>e 
less than 2 volts. A metro of niohrome wire having a resistance of about 6 ohms may bo 
convenient for some experimenU. 


Hence 


o 
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AO. tilo positive terinitml of the battery being finally connected to A. To 
A coniK'ct the positive terminal of one of the cells K| to be coinpai'ccl, 
connect inn its negative terminal to a galvanometer. The sliding key P 
w hich inov’cs ahnig the potentiometer wire is connected through a high 
resistatice \\ hich may bo of the order of 5000 ohms ‘ to the other terminal 
of tho galvanometer. The key P is moved along the wire until a point 
is found where no deflection is produced in tne galvanometer when 
P is depresse<l so as to make contact with the wire. The length APj 
on the potentiometer wire is then measured. Tho second cell Ej is then 

substituted for E,, and the 
length AP, determined. 

Since there may be some 
change taking place in one 
or other of the cells in use 
in the experiment, it is 
necessary to repeat the ob¬ 
servations, using first one 
and then the other of the 
two cells under test. It is 
accordingly convenient to 
introduce a tw’o-way switch, 
so that it may be possible to 
change quickly from one cell 
to the other. By changing 
over rapi<ny in this way, the adjustments can be made in a very short 
time, and thus there will be less chance of error due to variation of the 
stea<ly current in tl>e wire. 

Tho upjiaratus would then be arranged as in Fig. 237. K represents 
the two-way switch which connects A to E, or E^ at will. Determine tlie 
mean values of AP, and AP*, and calculate the ratio of E, to E,. If the 
wire is uniform 

E,_ Mean length of AP, 

E, Mean length of APj‘ 

As a confirmation of the first comparison connect the two cells in 
series (n) so os to assist one another, (6) so as to oppose one another, and 
compare the resultant E.M.F.s. If /, are the readings on the potentio¬ 
meter wire corresponding to these two cases we have 

E | +E ,_f, 

E,-E, 

Note. —It is obvious that if the ntgativt pole of the constant cell were connected 
to Aj and the pole of the cells under test were also connected to A,, the 

experiment could bo carried out just as well: the rise of potential from A to P 
along the wire would be equal to the E.M.F. of the cell when no current flows in 
the galvanometer. 


and therefore 


§ 3. Measurement of the Internal Resistance 

OF A Battery 

The internal resistance of a battery can be measured by means of 
a voltmeter and a suitable resistance. If a cell with an E.M.F. of E 

* This resistance may be bhort-circuited by a key when balance is nearly reached. 
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volts and an internal resistance of B dims bo connected to a wire of 
resistance R ohms, then according to Ohm’s Law the current, I, in 
amperes will be given by the etjuation 



E 

R + B‘ 


In an ordinary voltmeter the resistance is very large, so that the 
current passing through the coils is extremely small. It may, indeed, 
be assumed that no current whatever flows through the voltmeter. 
Theoretically it would be better for the present experiment to use an 
electrostatic voltmeter, which would measure the potential difference 
between the terminals of the cell without taking any current. 

Tlie potential difference between the terminals when these .are not 
connected together is V' volts, V' being equal to the E.M.F. of the cell (E). 
When the terminals are con¬ 
nected by a wire, the potential 
difference will be less than V'. 

As this point sometimes 
causes difficulty it may be 
useful to consider an analogy. 

Suppose we have an endless 
pipe through which water 
can be driven by means of 
a turbine, T (Fig. 238). When 
the stop-cock S is closed the turbine develops a certain pressure which 
can be measured by means of a vertical pipe as shown. When the 
stop-cock is opened, the pressure indicated by the level in the pipe 
will diminish and as the aperture is increased will diminish still further. 
The pump has a mechanical effect which might be called a water- 
motive-force. The column of water measures the pressure difference 
produced. The tap and tube constitute a resistance in an external 
circuit. The student should refer to the introductory part of this 
chapter (pp. 395-398) where the electrical analogy is worked out in 
detail. 

Let V denote the P.D. between the terminals of the cell when they 
are connected together by a resistance R. Then the current through 
R by Ohm’s Law is V/R, being due entirely to the P.D. between the 
terminals. But the current in the circuit is E/(R + B), and so 

V_ ^ 

R R B 



„ ER E 
•'•'^“R + B l + B/R 

Thus V is less than E, but if R is very large compared with B, the 
difference E - V will be very small. 
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[f ]< is not very large, ami we eaii find E/V, we can calculate B by 
means of tlie etjuatioii 



R f B 
R 


or 




For an alternative proof of this see pp. 395-398. 

To determine J^, then, we compare the E.M.F. of the cell with the 
P.l). between its terminals when it is short-circuited by a wire of known 
resistance K, which should not be much greater than B. 

If R is taken equal to B, V/E = i, so that the potential difference 
between the terminals is only one-half that on open circuit. 

Expt. 229. Determination of the 
Internal Resistance of a Primary Cell 
by Use of a Voltmeter.—Connect the 
terminals of the cell to the voltmeter. 
In using a moving coil voltmeter be 
careful to connect the cell so that the 
current enters the voltmeter at the 
terminal marked -i-. If the connec¬ 
tion be made incorrectly, the pointer 
may be bent and the instrument 
damaged. 

Observe the deflection, which 
gives the value of the P.D. on open circuit. 

Note.—I t is jis-siiined that no current passes tlirough the voltmeter j therefor© 
the circuit is still ' open ’ and V'= E. 

Then connect the terminals of the cell with various resistances, 
tioting the corresponding deflections of the voltmeter in each case. A 
r<-sistunco box may be userl, if care is taken not to pass the current tlirough 
it for more than two or three minutes at a time. 

The resistances chosen should be of sucli magnitudes that some give 
deflections greater than, an<l otliers less than, half the original deflection 
\". Six different resistances may be used, three giving values above V'/2 
and three below. 

It is convenient to start with an external resistance of 10 ohms, and 
to work upwards or downwards as required. 

Tabulate the observation as below :— 



V-E 



D 


Fni 230.— InU'nul Rc^i^lAiicc of Cell 


P.D. on open circuit V' { = E)=. . . 


R 

V 

1 

E-V 

(E-V)« 






Note.—T he internal resistance, and even the E.M.F., of most batteries 
varies a good deal w'ith the current they are sending in consequence of 
temporary changes in the liquid near tlie plates (p. 398). B is consequently 
a somewhat indefinite quantity. 
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In the above metliocl it is assumed that E does uot cliange when the cell 
is short-circuited. In some forms of Leclauche the cell polarises very 
raj)idly when short-circuited, an<l its E.M.F. rapUlly falls. In sucli cases 
the method is not applicable. This mctliod .should not be applietl tet a 
secondary cell ; to obtain accurate readings it would be necessary to make 
K too small, tlie cell would be damaged, and the resistance box might bo 
‘ burnt ovit 

The accuracy of tliLs ‘ deflection ’ method is not very great. It is, 
however, an extremely instructive experiment when taken in conjunction 
with the discussion of the action of a cell <lealt with on pp. 3{)")-308. In 
any ca.se the resistance of a cell is svich a variable quantity that the order 
of HHUjnitude of the resistance is the result really aimed at. W hen one 
consiclers that shaking a cell or sub.stituting a new zinc plate for on old 
one may reduce the resistance of the cell by half in some cases, it will bo 
realised that any method which is coiTCct to within 20 per cent is good 
enough for this purpose. If the resistance of a partictilar coll is required 
very accurately, Mance’s method, using a Post Office Bo.x, should be 
employed (.see NVheatstone’s Bridge, pp. 414, 423). 


INTERNAL RESISTANCE OF A SECONDARY CELL 


A .secondary cell has a very low internal resi.stance. The method of 
finding the internal resistance already described is not suitable in such a 
case because the current requisite to 
produce a mea.surable fall of P.D. 
would be too great, and would damage 
the cell. Thi.s Is because a voltmeter 
has to be used which covers the whole 
range up to the full E.il.F. of the cell, 
and as the variation of P.D. obtainable 
with the biggest current allowable is 
only 1 or 2 per cent of this maximum, 
the mea-surements are not exact. The 
following method, which is applicable 
to any cell of low internal resistance, 
overcomes this difficulty, and as a 
very scasitive voltmeter may be used, 

X\\e change of P.D. may be measured 
accurately. 



El 


Expt. 230. Determination of the 
Internal Resistance of a Seconda^ 
Cell.—Connect two similar cells in 
parallel as in Fig. 240, with a sensitive 
voltmeter across their -t- terminals. 
In series with one of the cells. 





R 


Fig, 240-—Internal Resistance of 
Secondary Cell 


connect a resistance R and an ammeter A, including a key K in the 
circuit. ^Vhen tlie key K is open, the voltmeter will indicate no P.D., 
since the cells are similar. Depress the key K and take the reading of the 
voltmeter (r) and of the ammeter (I). 

The current I flows from cell E, only, the voltmeter resistance being 
suppo.sed infinite. If B be the resistance of cell E„ the P.D. across its 
terminals falls an amount IB which is registered on the voltmeter ns v. 

Hence B 

If the E.M.F. (E) of the first cell be known and R be also known, I 
may be taken as E/R, and B=vR/E. The ammeter may then be dis¬ 
pensed with. 
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INTERNAL RESISTANCE OF A CELL BY MEANS OF A 

POTENTIOMETER 

It lias already been pointed out in the comparison of E.M.F.s by 

tlie Potentiometer that the P.D. between the terminals of a cell can be 

lucasured by balancing it against the P.D. between two points on a 

wire carrying a current. 


I I 



'—wvw^ ^ 

R ^ 

Fjo. 241 .—Intornal KMistanrc by roUjiUiumctTr 


If we connect up a po¬ 
tentiometer as shown in 
Fig. 236, and adjust the 
contact to some point P 
such that no current flows 
through the galvanometer, 
the P.D. between P and the 
negative plate of the cell 
is zero (otherwise a cur¬ 
rent would flow through 
the galvanometer). A is 


at the same potential as the positive plate of the cell, therefore the P.D. 
Ijctween A and P is the same as the P.D. between the plates of the cell. 

In the case considered, there is no current flowing through the 
cell E, and therefore this P.D. V' is equal to the E.M.F. of the cell 
(pp. 365-398). 

If, now, we short-circuit the cell through a resistance R (Fig. 241), 
the P.D. between the cell terminals is reduced to some value V given 
by the relation (pp. 403-404) 

E V' R + B 

V V “ R 

B being the internal resistance of the cell. Thus, the point P will now 
be at a higlier potential than the negative plate of the cell E. Hence 
the galvanometer will now be deflected if contact is made at P. Balance 
will, however, be restored if we make contact at some point Pj, nearer 
to A than P. The P.D. between A and Pj must be equal to the reduced 
P.D., V, now existing between the two plates of the cell. 


V 

AP’ 


Now 

if the wire is uniform. 

B can therefore be calculated from the known values of R, li, 
and fg. for 
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Expt. 231. Determination of the Internal Resistance of a Cell by 
means of a Potentiometer.—Determine the internal resistance of a 
Dnniell cell by the method described. 


DISCUSSION OF THE POTENTIOMETER METHOD OF 
DETERMINING THE INTERNAL RESISTANCE OF A CELL 

This method of measuring Internal Resistances is not much more 
suitable than the voltmeter methoil previously described. Tlu> cell lias 
to be kept short-circuited through the resistance R for a considerable time, 
while finding the balance-point P,. During this time it is discharging 
at an appreciable rate, and is rapidly becoming polarised. The result of 
this is very confusing if its cause is not realised. If the point Pj is found 
and tlie cell disconnected from the resistance for a moment, an entirely 
different balance-point may be found on reconnecting and testing for 
balance, in consequence of the cell Imving recovered somewhat while 
disconnected. 

For accurate work a tapping key should be inserted in the resistance 
circuit a.s shown in Fig. 241. This should bo depre.ssed momenlarili/ while 
P, is being souglit, and released again as soon as P, is raised from the 
wire for a<ljusting to a fresh position along AB. 

The second key must, of course, be depressed before P„ and not raised 
until a/fer Pj has been raised from contact with tlie wire. 

By the use of this second key greater accuracy Is obtainable, but the 
method pos.se.ssc8 all the defects due to polarisation to as great a degree 
as the voltmeter method : its main advantage is that it is a null and not 
a deflection method. In tlieory it has otlicr advantages over the volt¬ 
meter method : the voltmeter has always an appreciable current flowing 
through it although supposed to have none, hence E' is never measured 
correctly by the voltmeter. In tlie present method the current in the 
coll is certainly zero when the cell is not short-circuited, and therefore E 
is obtained accurately. 

The greater difficulties met with in use, and the confusion entailed 
owing to the ‘ drift ’ of Pj towards A <luo to polarisation, render the 
potentiometer method of measuring internal resistance suitable only for 
advanced students. 


§ 4. Further Applications of the Potentiometer 

THE POTENTIAL DIVIDER 

It is sometimes desirable in experimental work to obtain a difference 



FlO. 241 a.—P rincJple of Potential Divider 


of potential smaller than that normally available from a given supply. 
One method of doing this is illustrated in Fig. 241a. 

Let the supply be used to send a steady current I through a number 
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of rosistiinces R,, K^, R 3 arranged in series. If the potentials at the 
points A, R, (', 1) are V\, V„, V„ V, respectively Ohm’s Law gives 

V,-V„ = I(Ri+R2 + R3). 

V.-V,=:IR2. 

Dividing the second result by the first we find 

V„ - V, _ R, 

V*-V, R1 + R2 + R3’ 

since the current I has the same value at all points. 

If then we keep the sum of the resistances, R 1 +R 2 +R 3 , constant 
the current I will remain unchanged, but by properly choosing R 2 
we can adjust the potential difference between B and C so as to be any 
desired fraction of V* - V^. 

One way of proceeding used by Lord Rayleigh is to make R 3 = 0, 
so that the jjoints C and D coincide. We may join two large resistance 
boxes in series and arrange for the total resistance used to remain 
constant by inserting a plug in one box whenever we remove a plug 
in the other, having first of all arranged a suitable value for the total 
re.sistance. Another plan is to use a long uniform wire for the total 
resistance and then tap off from it at two selected points B and C. 
The resulting P.D. will be determined by the length of BC as compared 
with the total length of the wire. 

The principle of the potentiometer* depends, as we have seen, on 
the comparison by a null method of electromotive forces or differences 
of potential. In the final adjustment no current whatever passes 
through the measuring instrument. The accuracy possible is great, 
and by using the method in association with Ohm’s Law many important 
measurements may be made. 

Measurement of the Strength of an Electric Current.—Suppose we 
wish to measure accurately the strength of a current I, being provided 
with a standard resistance (say 1 ohm) and a standard cell of known 
E.M.F. When the 1 ohm coil is included in a circuit containing a 
battery, a regulating resistance and perhaps an ammeter, a certain 
current flows round the circuit and there ^vill be a definite potential 
difference (V volts, say) between the ends of the 1 ohm coil. By using 
a potentiometer we can compare this P.D. with the E.M.F. in volts of 
the standard cell, and so find the value of V in volts. Then by appljdng 
Ohm’s Law (V/I = R) we find directly the current I in amperes. This 
enables us to test the reading of the ammeter in the circuit. 

The principle of the method is quite straightforward, but the various 
connections tend to become somewhat complicated, rendering the 
method suitable only for the more advanced student. 

^ This principle tnusi not be confused with that of Wheatstono^s britlgOi described id the 
next chapter. 
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Comparison of Resistances.—Two resistances may be compared by 
sending a .steady current tiirough the two arranged in series (Fig. 256), 
and then comparing by tlie potentiometer method tlje differences of 
potential between the terminals of tlie two resi.stances. Hero too the 
connections are complicated, and simpler methods are described later 

(pp. 411-411), 423-427). 

THERMOELECTRICITY 


Thermoelectric Couples.—When a closed circuit is formed of wires 
of two different metals, and one junction is at a higher temperature 
than the other, an electromotive force (E.M.F.) is produced tending to 
set electricity in motion round the circuit. The electric energy in this 
thermoelectric or Seebeck effect is obtained from a transformation of 
lieat. The E.M.F. depends on the difference of temperature between 
the juncUons, and also on the actual temperatures. 

The E.M.F. is comparatively large when antimony and bismuth 
are the two metals in the thermocouple, and tliese are frequently used 
in constructing a thermopile. The current flows as in Fig. 241b from 
tiie antimony (A) to the bismuth (B) through the cold (C) junction. 
For our present purpose it is more convenient to use a thermocouple 
of iron and copper, and provided the temperatures of the junctions 
do not differ greatly from atmospheric temperatures the thermoelectric 


^ A fit I mertif 


Copptr 


iron 


COLO COLO 

Fio. 24 Id.—T hcrmoekctric Couples 


current flows from iron to copper 

through the cold junction. Since X ^ 

this temperature is conveniently //^i 

the ‘ ice point ICE may be I \ i \ 

used as a mnemonic. The cold (/ 0 Coppor N ■ iron 

junction may bo kept at 0° C. | I 

by imiBcrsion in ^ niixtur8 of 0 M 

broken ice and water. The tern- 

perature of the liot junction may 'v 

id i listed bv usinc a suitable ^ ^ 

DC aciju>>ieu y t> ^ Fio. 24lD.—Thermoeketne Couples 

bath or furnace. By connecting 

two copper wires to the terminals of a low resistance galvanometer 
and joining the ends by an iron wire, it is easy to show tliat heating 
one junction by a spirit lamp gives a deflection which will increase to 
a maximum value and then diminish — ultimately to zero. The tem¬ 
perature for which the E.M.F. is a maximum is called the neutral 
temperature (about 290“ C. for copper-iron). The maximum E.M.F. 
for a copper-iron thermocouple is roughly 1-5 millivolts. 

EXPT 241A. Measurement of E.M.r. of Copper-Iron Thermocouple. 
—Use Rayleigh’s potentiometer method (P- 428) with two resi.stance 

hovGS R. and R. in series a.s shown in Fig. 241c. 

since the E.M.F. is of the order of a millivolt, use as the constant 



410 


PT. VI 


A TEXT-BOOK OF PRACTICAL PHYSICS 

st.urco S n Dnniell cell liaving an amalpamated zinc plate in a ^turated 
solution of zinc sulphate. Tho E.il.F. is very nearly 107 volt, and if 
the .sum of R, and Rj is constant and equal to 10,700 ohn^ the current 
will he E 10.700 or 1 10 milliampere and the potential drop across 
1 ohm will be 1/10 millivolt. It is assumed that the internal resistance 

c)f the coll is negllpiblo in comparison with Rj + Rj. 

Kor Rj the .series resistance coils of a Post Office box may be used, 
since these coils range from 1 to 5000 ohms, giving a possible total of 



11,100 ohms. For R, a resistance box with 8 coils from 1 to 50 ohms is 
more than sufficient. Decimal ohm boxes, if available, may be used in 
addition. 

For tho two junctions a piece of iron wnre (Fe) has its ends joined to 
two lengths of copper wire (Cu) by twisting or soldering; accidental 
contacts are prevented by means of narrow glass tubes or beads TT. 
One junction is kept in rnelting ice at 0® C. ; the other is heated in a 
suitable bath. For an elementary experiment it will suffice to use a 
beaker of water which may be heated on a sand bath to 100® C. Since 
the E.M.F. acts from iron to copper through the cold junction, care must 
be taken to join tho copper wire from the cold junction to the point A 
of the potentiometer to which is connected the positive (copper) plate 
of the Danicll cell. Start the experiment with the cold junction at 0® C. 
and the other junction in cold water at about room temperature. Find 
the value of R, required to give no deflection of the galvanometer, re¬ 
membering that when a plug is removed from R, a corresponding plug 
must be in.serted in Rj. Warm the water slowly and take a series of 
observations at various steady temperatures at intervals of about 10®. 
Further readings may be taken while the water is cooling. Tabulate 
the re^sults expressing the E.M.F. in microvolts. ‘ 

For details of experiments at higher temperatures or using other 
thennocouples see Allen and Maxwell’s Text-Book oj Heat^ Part I, 
pp. C2-C5. 
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MEASUREMENT OF RESISTANCE 


§ 1. Ohm's Law 

Ohm’s Law states that wlien two points are taken on a linear ’ con¬ 
ductor the ratio of the difference of potential, E, between those points 
to the current, I, flowing through the conductor is a constant. This 
constant ratio E/I is termed the resistance, R, of the conductor. The 
reciprocal of R is tlie conductance. 

A resistor is a piece of apparatus used on account of its possessing 

resistance. 

The most direct metliod of measuring resistance is to measure the 
difference of potential, and the current. If the difference of potential in 
volts is measured by a voltmeter, and 
the strength of the current in amperes by 
an ammeter, the resistance will be obtained 
in ohms. 

Note carefully that the ammeter is con¬ 
nected in scrioi with the resistance to be 
measured, while the voltmeter is connected 
across the ends of the resistance, so that, 
with a moving-coil instrument, the coil of 
the voltmeter is m paraHd with the resist¬ 
ance. The terminals marked + on the 
ammeter and the voltmeter mxist bo con- fjq. 242 .—Mcaauromentof Hcsistanco 
nccted to the + pole of the battery. In this by Ammeter aod Voltmeter 

method the resistance of the conductor is ^ r 

measured while a current is flowing through it. The method is therefore 
applicable in cases where other methods fail; for instance, we can measure 
in this way the resistance of an incandescent electric lamp while it is 

glowing (Expt. 247, p. 443). , . , • * • 

This is a rough method only, though very convenient m many cases. 

It depends on the observed deflections of the ammeter and voltmeter, and 
is thus not so accurate as a nuU method of measuring resistance. If the 
ammeter and voltmeter have not been calibrated, the result may be 
erroneous owing to errors of graduation. 

§ 2. Wheatstone’s Bridge 

The comparison of resistances can be carried out in a convenient 
way by the arrangement known as Wheatstone’s Bridge. This consists 

» Tlv a linear conductor is meant a conductor in the form of a lino, such a-j a fine wire. If a 
crapb Is drawn showing the relaUon between E and I a straight lino should result, or wo obtain a 
linear graph prodded Okm'a Law it obeyed. 
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of four resistances P. Q, U. and S joined together so as to form four 
sides of a (,uadrilateial ABDC. If the two corners A and D are joined 
to tlie terminals of a cell, a current entering at A divides and flows jiartly 
aloii'^ ARD and partly along ACD. There must be a fall of potential as wo 
passTdong ABU, and'also as we pass along ACD. By properly adjusting 
the resistances P, Q, R, and S, the potential at the point B may be 

made to have the same 
value as the potential at 
C. When this is so, no cur¬ 
rent would flow through 
a galvanometer joined to 
D the points B and C. We 
now proceed to find the 
condition that must hold 
between the resistances 
in the four arms of the 
bridge for tliis to be the 
case. 

Let the currents 
through the arms P, Q, 
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R. and S be L, I 3 , and I 4 respectively, and the potentials at the 
points A, B, C, and D be \\, V.. V„ V„ respectively. For the sake 
of generality we do not at first assume that Ii = l 2 and 13 = 14 . 

Applying Ohm’s Law to each branch or arm of the bridge in turn 
wc obtain (since - V, is the P.D. between A and B) 

V.-V. = I,P . . . (1) 

V,-V, = l3R . . . (2) 

V.-V„ = l3Q . (3) 

V,-V„ = l4S . . (4) 

But when the bridge is balanced Vb = Vc, so that the left-hand side of 


Hence the right-hand sides must be equal. 


Therefore 

IlP = l 3 R . 

. (5) 

Similarly from (3) and (4) 

I2Q = I 4 S . 

• ( 6 ) 

Dividing (5) by ( 6 ) gives 

IlP I3R 

I2Q I4S 

- (7) 


(7) reduces to 


P 

Q 


R 

S 


( 8 ) 


When this condition is satisfied and no current flows through the 
galvanometer, we say that the bridge is balanced. 
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Properties of Conjugate Conductors.—Tlio l)atterv might liavr hooti 
placed in the arm joining H and (', an<l the galvanometci’ in the arm 
joining A and I), and exactly the same comlition would lia\e been 
recjuired for no current throngli tlie galvanonu-tcr. 'Plu' two aims AD 
and BC are then said to be conjugate arms of the briilgc. 'I'wo arms of 
a network of conductors are said to be conjugate arms if the cuti-cnl 
in either arm is entirely independent of any E.M.F. in the other. A 
cell in either of the arms BC or AD would send no current tlirougli the 
other, therefore BC and AD are conjugate arms of tlie network. The 
condition that BC and AD should be conj\igate arms i.s that V Q - K S. 

Determination of the Resistance of a Wire.—Equation (S) shows 
that if we know the ratio of two of tl)e resistances (K to S say) and the 
actual value of a third (Q), then the fourth re.sistance (P) is determined 
when B and C are at the same potential. Similarly if we know the 
ratio of P to Q and the actual value of R, we can find the value of S. 

Determination of the Resistance of a Galvanometer—Thomson's 
(Kelvin’s) Method.—The resistance of a galvanometer also can be found 
by Wheatstone’s Bridge. 

The galvanometer is con¬ 
nected in the arm AB, 
the resistance of tlie 
galvanometer G being 
now equal to P. As a 
constant current flows 
along AB, a steady deflec¬ 
tion is produced in the 
galvanometer. When the 
resistances are related in 
such a ivay that P/Q = 

R/S, B and C will be at 
the same potential, and on connecting B and C on current will flow 

through BC. 

When the condition P/Q = R/S is not satisfied, some current will flow 
along BC if these points are connected. Hence the distribution of 
current through the rest of the netivork will be altered. Consequently 
tlie current in the galvanometer will be altered. Thus, unless B and C 
are at the same potential, the galvanometer deflection will be altered 
when B and C are connected. The degree of alteration will depend on 
the current which flows along BC, therefore to ensure sensitiveness the 
resistance BC should be made as small as possible, a short piece of 
copper wire being generally used. 

The resistances are adjusted until connecting B and C does not 
alter the steady deflection of the galvanometer, and G (= P) is calcu¬ 
lated from the relation G/Q = R/S which then holds. 
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Determination of the Internal Resistance of a Cell—Mance's Method. 
SnnT)OHe a cell is placed in the arm AB, the resistance of the cell being 
* n. Then if B/Q = R/S, 

the anus BC and AD 
are conjugate arms of 
the network, and any 
E.M.F. introduced in 
the arm BO will not 
affect the current in 

AD. 

There will be a 
steady current through 
tlie arm AD due to the 
E.M.F. in AB, and the 
galvanometer will there¬ 
fore be deflected perma¬ 
nently. If the condition 
B/Q = R/S is satisfied, this deflection will not be affected by any 
hi.M.F. introduced in the arm BC, and so we can test if this relation 
holds by introducing an E.M.F. in the arm BC : this can be done by 
cciunecting a cell across the points B and C. 

The magnitude of the E.M.F. introduced in the arm BC is quite im¬ 
material, except in so far as it affects the sensitiveness of the test. It 
ean bo shown^ that introducing a cell of small E.M.F. and of very low 
resistance is os sensitive a test as a cell of larger E.M.F. but giyater resist¬ 
ance would offer. We may imagine that an ideal ‘ cell ’ of infinitesiinal 
E.M.F. and very low resistance in the arm BC is equivalent to connecting 
the points B and C by a copper wire and key of low resistance. 

In practice this gives a satisfactory means of detecting any error 
in tiie adjustment of the resistances. When no change in the deflection 
of the galvanometer is produced on connecting B and C with a copper 
wire, the relation B/Q*=R/S holds good. 



THE SLIDE-WIRE BRIDGE 

The method of Wheatstone’s bridge may be applied by tising the 
apparatus known as the slide-wire bridge. As the wire employed is 
frequently one metre in length, this is also often termed the metre 
bridge.* 

A long uniform wire is stretched on a base-board between the two 
points A and D. The ends are connected by means of thick copper strips, 
of negligible resistance, to the terminals F and L. HK is another thick 

‘ The proof, depending on Kirchho^^s laws (p. 431)» is long and cannot be given here. 

* As already mcntioni^ (p. 408) the principle of Wheatstone's bridge is not identical with that 
of the potentiometer, although both depend on Ohm's Law. Compare Fig. 23C with Fig. 246. 
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copper strip, provirle*! witli terminals at H, H, nnrl K. 'J'lie imknown 
resistance P is joined to tlie terminals F and II, so ns to coinjilete Iho 
circuit in the gap between them. A known resistance of suital)le magnitude 
(that is. not very different from P) is joined to the terminals K and L. 
In making these connections, short, tliiek wire.s or tint sti i[ts t)f copjau' must 
bo used, so as not to introduce additional unknown resistances. A movable 
key or jockey, by means of which contact may be made with tlie sli<le-wire 



at any point desired, slides along the base-board. Its position may bo I'cad 
off on a fixed scale. The ‘ ratio arms ’ of the bridge are the two i)arts into 
tthich the slide-wire is divided by the movable key. 

In carrying out the measurement a coll is connected to the end terminals 
A and D, a key being included in this part of the circuit so tliat the cunent 
can be cut off when no observation is being made. A galvanometer is 
connected to the central terminal B and to the movable contact C. An 
astatic or pointer galvanometer is frequently u.sed in elementary work. 
The object of the manipulation is to find the point at which contact must 
be made with the slide-wire so as to give no deflection of the galvanometer 
needle. It is best to start by noting the direction in which the needle move.s 
wlien contact is made, first near one and then near the otlier end of the 
slide-wire. If these deflections are in opposite directiojis tho point sought 
for must lie somewhere between them. If the deflections are ii\ tho same 
direction in the two cases, it indicates that one of the rc.sistnnces P or Q 
is very much greater than the other, or that there is a faulty coniiection in 
some part of the apparatus. It is impossible to get an accurate re.sult unless 
P and Q are at least of the same order of magnitude. Assuming that 
suitable values have been chosen, the point on the slide-wire for no de¬ 
flection should be found somewhere in tho central portion of the wire. 
The ‘ balance point ’ should be in the middle ‘ third ’ of the wire in all case.s. 

liluch time can be saved in carrying out the experiment by learning 
how to increase and how to decrease the deflection of the needle. Suppose 
that when contact is made near one end of the slide-wire the deflection is 
clockwise. Then to increase the swing the contact shotild be mode when¬ 
ever the needle is swinging in the clockwise direction, and should be broken 
when tho needle is swinging in the opposite direction. To dimmish tho 
swing and bring the needle to rest, contact should bo made when the needle 
is swinging in the counter-clockwise direction, and should be broken when 
the needle is swinging in the clockwise direction. , , 

Having determined as accurately as possible the point on the shde-wiro 
corresponding to no deflection, the distances AC = /i and CD = f* are measured. 

Then as ? = ?, and ? = !*» assuming the wire to be uniform, we find 
Q S o It 

TJ, / 

Q I, Hence, finally 
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KxPT. 232A. —Measurement of Resistances {a) Singly, (6) in Series, 
fr) in Parallel.—For this exporimont Icnpth.s of resistonco wiro (platinoul 
or niHUfranin) may bo taken, but it is more convenient to use resistance 
CO,Is of U.e form shoum in Fip. 2o4. Tliese • resistors ’ shouUl be marked 
bv some iHstin-uishing letter, and except in a rough measure,nent the 
value of anv rosi.stance shouUl not differ too much from the resistance 
of the slide-wiie (probably about 1 ohm). One of tliese resistors (A say) 
is selected and taken u.s P in Fig. 24(5. The known resistance Q may be 
a small resistance box or a ’ decimal-ohm box. The clean plugs should 
be inserted and removed carefully with a slight screwing motion Con¬ 
nections between resistors and bridge should be made with thick wirt^ 
or Strips with clean ends. A Daniell cell or a dry cell is suitable, and it 
should not be connected until all the other connections have been 
checked. Find the balance point and calculate the value of A as Ue- 
scribed above. Then interchange the known and the unlmown resistors 
and make a fresh determination of the resistance of A. Take the mean 
of the re.sults obtained. In the same way find the mean values of the 
resistances of B and C. Next find the resistances of any pair of resistors 
{h) in series, (r) in parallel and compare the results with those calculated 
from theory (pp. 31)1-392). Give the results in tabular fonn. 


RESISTIVITY OR SPECIFIC RESISTANCE 

The re.sistance of a wire of length 1 cm. and of cross-.sectional area 
1 sep ern. is called the resistivity or the specific resistance of the material 
of which tlic wire is composed. Conductivity is the reciprocal of this. 

Let X be a wire 1 cm. in length, and having a cross section of 
1 s(j. cm. The shape of the cross section is immateiial. Let the 
resistance of this wire be S ohms. Let Y be a second wire of the same 



R 
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material, I cm. in length, and having a cross section of A sq. cm. Let 
its resistance be R ohms. Since the resistance of a wire is directly 
proportional to its length, and the length of Y is / times the length of 
X. the resistance of Y will be I times that of X in consequence of the 
difference in length. Again, the resistance of a wire is inversely pro¬ 
portional to the area of cross section ; hence, since the cross-sectional 
area of Y is A times the cross-sectional area of X, the resistance of Y 
will be 1/A times that of X in consequence of the difference in cross 
section. 

Consequently ^ S = 

A. I 
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So if we ran meas»ire R, A. am! I we can determine S, which is the 
resistivity of the material. The resistivity may he exj)resscd in olnns 
j)cr unit lengtli of a wire of unit cross section. Note carefully that 
the dimensit)ns of resistivity are ohms x cm. 

Iixi*T. 2:12B. Determination of the Specific Resistance of a Wire, 
using a Slide-wire Bridge.— I'o measure the rcsi.stiyit \- select a wire 
nl)Out a metre in length, free from kinks. Measure its length ' to the 
nearest millimetre, and measure the diameter very carefully with a 
micrometer screw gauge. .-Vs the area of cross section A depends on the 
sepmre of the <liaineter (A - ?Tr/-.4 for a wire whose cross .section is circular), 
an error in this measurement is serious ; the percentage eiTor in d i.s 
doul)le«l in tl>e square of d, so that the result is wrong to twice the extent 
of the error of d. Ex[)ress the length in centimetres, and the area of 
cross section in square centimetres. 

Next connect the wire across one of the gaps P m the thick copper 
strip of the slitic-wire bridge, connecting a “ decimal-ohm box across 
the coi’i'csponding gap i) on the other skle of tlie bridge (Fig. 240). 
Thick copjier connectors must be used for joining the box to the sides 
of the gap and tlie.se must bo cleaned where they fit under the connecting 
screws The connections for the battery and the galvanometer are shown 
in the same figure. A Daniell cell is .suitable for this purpose, with some 
form of simple astatic galvanometer. Adjust the deciinal-ohm box to a 
resistance of 1 ohm. Slide the jockey along the shdo-wire, making 
contact with tlie w ire at various points ; the jockey mujit riot make contact 
with the wire while it w moving along, otherwise the wire will be worn 
unevenlv in various part.s and the accuracy of the brulge destroyed. 

Fiiui two points at which definite deflections arc produced, but in 
opposite directions at the two points; the balance-point must he 

between these two. . • r • * 

By working between the.se two points, successive paii-s ot points can 

be found which give deflection in opposite directions, each pair being 
closer together than the previous pair. It may hajipen finally that two 
points are found at which the deflection produced in the galvanoineter is 
inappreciable, though at any point beyond either of them a deflection 
can be observed. The balance-point may be taken as the centre of tliat 
part of the wire between these points. 

T!io resistance of the wire P can be calculated by means of the expression 

1 ’=^' 

O beinc the value of the resistance in the resistance box, f,. the length 
of the wii-e from A to C, and /, the length of the remainder from C to D. 

The point C should be in the middle ‘ third of the .slide-wire ; if this 
is not the case a different value of Q must he taken to bring C into this 
part of the wire. Three different values of Q must be used in any case, 
Ld the corresponding balance points found, the values of P being calcu¬ 
lated for each cose. If the experiment has been performed accurately diese 
three values of ? will be the same to a very close approximation ; their 

mean is taken as the true value of P. . . , , 

From the value of the resistance thus obtamed, and the dimensions of 

the wire already determined, calculate the specific resistance of the material 
of the wire from the expression 

^ = T- 

. Tl.e lengtli required b not the ivholo length of the wire, but the length which i. between 
the terminals when the resisUnce is being roeasurod. 
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Knit. 233. Determination of the Resistance of a Galvanometer.—For 
this oxporiincnt connect np the slide-wire bridge as in Fig. 248. Q is a 
deeinial-ohin box adjusted to 1 ohm at first, r is a large resistance which 
nee<l not bo known. In thi.s case the galvanometer itself forms the 
unknown resistance P in one of the arms of the briilge. The connection 
HC is made with a piece of copper wire. It is clear that as soon as the 
battery is connected to the points A and D, a current must flow through 
tlio galvanometer and cause a deflection of the needle. The bridge is 



balanced when this rleflection is unaltered upon making contact between 
the points 13 aiul C by means of the jockey key. Wlien tliis condition is 
sat isfit'd no current flows in I3C, and the potential at B must be the 
same as that at C, and, as in the previous case, 

P R 
Q"'S 

If a key be used in the battery branch, it should be a plug key and 
not a tapping key, since it is necessary to get a steady current through 
the bridge before making contact at C. If the steady deflection of the 
galvanometer be large, the alteration produced by making contact at C 
will be very .small. A large deflection may be reduced by employing a 
smaller current. This is secured by introducing a resistance box r in 
the buttery branch, using sufficient resistance to give a convenient 
deflection. In the case of a mirror galvanometer with a moving needle, 
the controlling magnet may be used to bring the spot of light back on 
to the scale. 

The method is not easy to carry out, the difficulty being that the 
galvanometer is deflected considerably the whole of the time, and often 
the needle is in a position where the sensitiveness of the galvanometer is 
only small. As a result of this, the adjustment of the point C may be 
altered appreciably without making any noticeable change in the deflection ; 
consefjuently the accuracy obtainable is not very great when a metre bridge 
is used. Considerably greatei accuracy is obtained with a P.O. box if 
suitable means are adopted (Expt. 236). 

Expt. 234. Determination of the Resistance of a Cell;—^The cell whose 
resistance is to be measured is placed in the position of the unknown 
resistance P, so that it forms one arm of the bridge. The galvanometer 
is connected directly to the two extreme points of the bridge A and D. 
In this case also a steady current flows through the galvanometer as soon 
as the coimections have been made. The jockey C is adjusted so that 
no alteration is produced in the deflection of the galvanometer by making 
connection at C. \Vhen this condition is satisfied P/Q = R/S (p. 413). 
If the steady deflection of the galvanometer be too large, a resistance r 
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must be iiitrodurod in series with tlie tialvanoincter so as to fliininish the 
ctirrent passiii}' throuKli it- The eonnections arc tlio same as those used 
wlu'ii tlctorininititr the resistance of a pdvanometer. <*xcept tliat the 
galvanometer aiul b^lttor^' are interchanged. Q i-s adjusted to 1 ohm to 



start with, and the point C is found where the steady deflection of the 
galvanometer i.s unaltered on depressing the jockey. ^ , 

If the point C is not in the middle third of the wire when Q is 1 ohm. 
a different value of Q must be used, choosing this value so a.s to bring C 

near to the middle of the wire. , , , 

The resistance of the battery is then calculated from the expression 


THE POST-OFFICE BOX 


In tlie account of Wheatstone’s bridge we have seen tliat when 
the bridge is balanced the four resistances P, Q, R, S, which form four 
sides of a quadrilateral figure, satisfy the relation 

P_R 

Q"S' 

If we know the ratio of P to Q, and R is a known resistance, then 
the fourth resistance S, previously unknown, is determined. 

In the Post-Office Box we find sets of resistance coils representing 
three of the arms of the bridge, namely, two ratio an/w, P and Q, and 
an a<lju^table arm for the known resistance R. The fourth arm S is the 
unknown resistance whose value is to be found. 


The distinguishing characteristic of the ratio arnw P» Q is that they 

box differs in different patterns, but the student 

hould have little difficulty in identifying the ratio arr^ 

mining the points corresponding to A, B, C» p m rxg. 

2 «.' In thS^diagrain the battery ia connected to the terminals A and 
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1) and tlu' calvnnoinotor to the terminals B and C. It should, however. 
In- noiCMl tliat the positions of the battery and galvanometer may be 
intt'i-ehaiigi'd without affecting the final result, that is, the battery 
be eoniHM ted to the terminals H and V and the galvanometer to A and U. 
■\ tapi.ing kev must be inserted in the battery eireuit. and a second m the 
galNanometer circuit. In some forms of Post-Oflice Box these keys are 
included in the box. and the connections between the keys anrl the corners 
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of tlu* bridge are indicated by white lines traced on the ebonite cover of 
the box. The battery key must be depressed Jirst, to avoid self-induction 
effects. 

Another arrangentent sontetimes tised is a double key which makes 
contact first for the battery, and subsequently for the galvanometer. 

Tlu* unknown resistance shoukl be connected to the points C and D 
by means of short thick wires, or flat copper strips, of small resistance. 

A mirror galvanometer, which may be either of the moving needle or 
of the moving coil ty|)e, is generally used with the Post-Office Box. For a 
description of these instruments see the section on galvanometers, pp. 
4T5-4H1. 

The top of the box is usually marked at different poiiits with the 
cryptic letters, C, Z, E, L, G, or perhaps a letter B is used instead of C 
and Z. These mean respectively Carbon, Zinc (or Battery), Earth, Line, 
and Galvanometer. 

If the box be connected up by the aid of these letters, the experiment 
usually work.s successfully, but little benefit is gained from it. The student 
should avoid using them, and should rely on the connections worked out 
by liimsolf with the aid of suitable diagrams. 

The Galvanometer Shunt.—If a very sensitive galvanometer be used, 
it must be provided with n shunt, so that its sensitiveness may be varied 
to suit the requirements of the moment. In its simplest form the shunt 
consists of a resistance which is placed in parallel with the galvanometer 
(Fig. 231). A delicate galvanometer is provided usually with a shunt box 
containing a number of resistances which may be marked 1/9, 1/99, 1/999. 
This means that the resistances in the box are respectively 1/9, 1/99, and 
1/999 of the resistance of the galvanometer. In the present experiment 
tlie plug belonging to the shunt should be placed at the outset in the hole 
marked 1/999. In this co.se only 1/1000 of the current in the galvanometer 
circuit posses through the coils of the galvanometer, and consequently the 
instrument is not very sensitive. 

When an approximate balance has been obtained, the plug may be 
shifted to the hole marked 1/99, or that marked 1/9. For the final adjxist- 
ment tl»e plug may be removed altogether so that the full current passes 
through the galvanometer, and the arrangement is as sensitive as possible. 
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Expt. 23.'). Determination of the Resistance of a Wire by Means of a 
Post-Office Box. —(’onnect up the wire, the battery, nn<l the galvauo- 
inetcr to tlio P.O. Box after working out the proper connections by the 
aid of tlic foregoing <h‘scription and diagrams (pp. 411-412, 419-420). 

When the eoixnection.s have been made, remove tlie plugs marked 
10 in the ratio arms of the bridge. 'Fhe ratio of P to Q is then 10 : lo, 
tliat is a ratio of ecjuality ; and for the bridge to be balanced, R. tlu* 
adjustable arm, mvrst be ecjtial to S, the unknown resistance. Shunt tlie 
galvanometer with the 1 099 shunt if a shunt box is supplied, and see 
that all (lie plugs in R are in [ilace. Make contact momentaril>- willi 
both keys an<l note the <lirection in which the mirror of the galvanometer 
is deflecteil. A.s thi.s <lefJeetion is probal>ly very great, it is usiialh' better 
in tliis stage of the experiment to watch the mirror itself inst(‘ad of the 
spot of light on the scale. Xext romo\‘e the plug in R marked ‘ infinity 
and again note the deflection. It should be in the opposite dii'cction to 
that previously observed. From these observations the experimenter 
should construct a simple rule to be borne in mind during the remainder 
of the determination : * When the deflection is to the right (or to th<» 
left, or awa>' from me, as the civse may be) the resistance of the adjust¬ 
able arm i.s too large’. 

Replace the infinity i>lug and take out another (.say 1000 olims) and 
notice the deflection, secung whether the i-esistance is too large or too 
small. Determine in this way limit.s between which the resi.stnnco must 
lie, and proceed till the value of the rtvsistance S is found correct to the 
nearest ohm. Suppo.se S is found to be between 0 and 7 ohms. 

To determine the next decimal place, that is to find the value of S 
correct to 0 1 olim, remove the plug from the 100-ohm coil in P and 
in.sert the plug in the lU-ohin coil. Then the resistance in P is 100 ohms, 
that in Q is still 10 ohms. The ratio of P to Q i.s 100 : 10 or 10: 1. Conso- 
cjuently, when the britlgo is balanced, R must bo 10 times S. Adjust the 
rc.sistance R till an approximate balance is obtained. If S lies between 
() and 7 ohms, H must lie between GO and 70 ohms. Suppose it is found 
to lie between 03 and 04 ohms. Then the value of S lies between 0 3 
and 0 4 ohms. 

Next remove the plug from the 1000-ohm coil in P and insert the 
plug in the 100-ohm coil. Then the resistance in P is 1000 ohms, that 
m Q is still 10 ohms. The ratio of P to Q is 1000: 10 or 100; 1. Conse¬ 
quently, for a balance. R must bo 100 times S. It is clear that R must 
now lie between 030 and 040 ohms. Suppose it is found to lie between 
638 and 039 ohms. Then the value of S mu.st lie between 0-38 and 

0 39 ohms. i • i c u 

With a sensitive galvanometer yet another decimal hgure may bo 

found by noting the resting-points of tlie spot of light on tho scale when 
R is adjusted to 638 and to 039 ohms, and using the method of ‘ pro¬ 
portional parts If, for example, 638 ohms give 6 mm. on one side, 
and 639 ohms give 9 mm. on tho other side of the galvanometer zero, 
a difference of 1 ohm in R causes a change of 15 mm. Therefore a change 
of 6 mm means 0-4 ohm, .so that R = 638-4 ohms and S — 6 384 ohms. 

Determine in this wav the resistance of a coil to within 0 1 per cent. 

Determine also tho resistance of a piece of wire, and calculate the 
specific resistance of tho material of the wire. 


When the unknowh resistance S is large, it may not be possible to 
find its value correct to the -ioth part of an olim. or even to the ^-th part 
of an ohm, with the coiU supplied in the ordinary Post-Oflico Box. In 
sucli a case it should be noted that, as a rule, the bridge is most sensitive 
when the four arms of the bridge are approximately equal. 

When the unknown resistance is very large, it may be necessary to 
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mnkr the resistance Q 10 times or even 100 times the resistanee^P in onler 
to obtain a balance by ndjuating R- Then the resistance h be 10 times 
(or 100 times) the resistance R. • 

Exit. 2:iO. Determination of the Resistance of a Galvanometer.—Thc 
principle of the method is tl.e same as witli the slide-wire f /P- ^ W 

The pLlvanonieter forms the fourth arm of the bridge as the ^nkjimv 

resistance S. A tapping key is not usetl m the battery ^ 

as the connections are completed 

the spot of light u.sually goes 
right off tlie scale. The use of a 
galvanometer shunt is not admis¬ 
sible in this ease. 

The chief difficulty met with 
in this form of experiment is tluo 
to the great sensitiveness of the 
galvanometer. Tliis causes it to 
stay obstinately pressed against one 
side of the case, however much the 
controlling magnet is turned. To 
avoid this trouble, the following 
means should be employed :— First, 
introduce a considerable resistance 
in the battery arm ; a resistance 
adjustable up to 10,000 ohms may 
bo u.sed convenlentlv if the galvanometer i.s a specially sensitive one. 
Secoridlij, u.se ratio arms of the lowest possible resistance, both equal to 10 
ohms if possible. Thirdly, reduce the sensitiveness of the galvanometer 
by lowering the control magnet until the period of swing is very short* 
See the notes on galvanometers, p. 477. (This third method is not 
possible in the case of suspendetl-coil galvanometers.) 

It will now be found that the spot of light does not move much 
beyond the scale, if at all. and it can bo brought back by use of the 
control magnet, or by turning the top of the suspending fibre in a 
suspended-coil galvanometer. 

I^Iako the requisite adjustment of R so that when the key K is pressed 
there is no change in the position of the spot of light. 

It will generally be found that R can be varied ov’er a wide range 
without affecting the position of the sptit, as the arrangement is now 
so insensitive. The sensitivenes.s may now be increased again very 
gradually, first by raising the control magnet. On reaching the limit of 
increased sensitiveness — consistent with control of the position of the 
jjpot — obtainable by this means, the ratio arms may be both increase<l 
to 100 ohms each. This allows a bigger current to pass through the 
galvanometer, and a large increase of deflection results. Correct this 
deflection by rotating tlie control magnet, but do not lower the magnet 
again ; then adjust R as before to give no change in the position of the 
spot on pressing the key. 

^\'ith a galvanometer of the suspended-coil type, the ratio arms are 
increased at once to 100 and the increased deflection corrected by further 
twisting the fibre. 

The adjustment will now be more delicate than before. The sensitive¬ 
ness is increased still further by increasing the ratio arms to 1000. Not 
until the extreme limit of sensitiveness has been reached in this way 
must the re.sistance r be diminished. If necessary, the ratio arms may 
be adjusted later to give 10/1 in the c€ise of galvanometers of resistance 
lower than 1000 ohms, the same precautions being taken as to sensitivity 
and control. 
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The battery and key must be connectetl as shown in Fip. 2ol if these 
means of reducing tlie sensitiveness ore employed, otherwise reducing the 
resistance of tlio ratio arms will not have the desired effect. 

If the experiment be carried out carefully as described above, the 
resistance of the galvanometer can be tletormined quickly and coii\ onicntly. 
This method enables a stvitlent to carry 
out this experiment with a gratifying 
sense of certainty. 

Exi*t. 237. Determination of the Re¬ 
sistance of a Battery.—The battery 
forms the unknown arm S of the 
bridge. Keys are not \ised for the 
battery or the galvanometer, bvit a 
tapping key is employed in the diagonal 
branch 13C. The methods available for 
diminishing the steady tloflection of the 
galvanometer are exactly the same as 
those described in the determination of 
the resistance of the galvanometer. The 
simplest statement of the arrangement 
is to say that the positions of the bat* 
tery and of the galvanometer are merely 
iritorchaiigod, every other connection, 
including the resistance r, being left absolutely the same as in the measure- 
mont of the galvanometer resi.stance ; arid the atljustinonts are made in 
exactly the same way. 

When P, Q, and R are adjusted so that the gal\-anometer deflection 
remains unaltered when the key K is depre.sscd, the battery resistance is 
given 

P_R 
Q"B’ 




§ 3. Wheatstone’s Bridge : Carev Foster's Method 

The ordinary slide-wire pattern Wheatstone’s Bridge is not sus¬ 
ceptible of very great accuracy when employed in the usual way. It is 
impossible to find the position of the balance-point to within 1 mm., 
and with a slide-wire 1 m. long this uncertainty introduces a possible 
error of at least. If the balance-point be not at the middle of tlic 
wire, the uncertainty of the result is greater than this. A longer slide- 
wire can be used if desired, and the relative magnitude of an error of 
1 mm. is correspondingly reduced ; but the use of a slide-wire longer 
than 1 m. is inconvenient. 

In Carey Foster’s arrangement the effective length of the slide-wire 
is increased without actually using a wire of more than the normal 
length, by introducing resistances in series with the wire, one at each 
end. The connections are as indicated in Fig. 253. The arms of the 
bridge, P and Q (Fig. 243), are the resistances Rj and Rg respectively, 
the remaining arms R and S being composed of X plus a length of 
bridge-wire, and Y plus the remainder of the bridge-wire (4). 
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When the bridge is balanced, we have the relation (8), Chap. V , § 2, 

P R 
Q^S 

R, X + lyp 

Rj'Y+^p’ 

where p is the resistance of 1 cm. of the bridge-wire. If X and Y are 
together equal to about ten times the resistance of the bridge-wire, 
the terras l^p an<l Lp are of the order of 10 per cent of X and Y. Any 


now stated as 


( 1 ) 



error in reading is thus reduced to about ,*(jth of the relative magni¬ 
tude it has when tlie bridge is used in the ordinary way, an error of 
1 ram. corresponding with an error of in the result instead of 

Hy elementary algebra (cotnponeTido) equation (1) leads to the 
relation 

_ X + lip ,0, 

R,-i-R2^X + Y + {l^ + I^)p ■ ' ^ 

Now let the resistances X and Y be interchanged, and a new balance 
point found at distances and from the ends of the wire. Then 
we have 

Rg X + l^’p ■ ■ ^ ^ 

from which we obtain by the same method as above 

^1 _ ^'^h P _ M) 

Ri + R2“X + Y-*-(V + V)p‘ ‘ 

The left-hand sides of equations (2) and (4) are identical and the 
denominators of the fractions on the right-hand side are exactly equal 
since Ii + I^ + ^2 • 

Hence X= Y-f-f/p . . (5) 

or X-Y=(V-?i)p. . . . (6) 

This result is of great importance because by means of it we can 
determine the value of p by using known resistances X and Y as in 
Expt. 238A. Further, when we have once determined p for the slide- 
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wire we can use equation 6 to find the difference between two nearly 
ecjiiiil rcsi.stances, one of which may be a standard coil. 

End Corrections—If the bridge-wire is soldered imperfectly at the 
ends where it joins the copper strips, the joint may introduce an 
apjuvciable resistance into the arms R and S, and the true ratio Ri/Rj 
shoulil be expressed as 

Rj _ X 4- ly P + X ip 

R-i Y + l,p + A2P 

Aj and A 2 being tlie end corrections expressed as equivalent lengthenings 
of the two parts of the wire. 

By following the method of working already described, tlie elTects 
of these end corrections can be eliminated when using the slidc-^^iIe 
bridge in Carey Foster’s arrangement. This result, which was described 
in full in earlier editions, is now left as an exercise for the student. 

Slight errors due to thermoelectric E.M.F.s can be eliminated by 
reversing the battery connections and taking the mean of the. readings 
for /i and for Ii'. 

Carey Foster’s method is only suitable in dealing with two resist¬ 
ances X and Y provided they are nearly equal, as for comparing a 
home-made resistance with a standard resistance to which it is sup¬ 
posed to be equal. This is, however, a type of experiment which 
frequently has to be performed in practice, and the arrangement 
described is a convenient method of carrying it out with simple 
apparatus. One great advantage of the method lies in the fact that Ri 
and Rg need not be known accurately : it is only necessary that they 
should be approximately equal and absolutely constant. They should 
have about the same value as X and Y’. 

Expt. 238A. Determination of p in Carey Foster’s Bridge.—Remove 
the coils from the end gaps of the bridge, and close the firet gap with 
a thick copper strip. Then X = 0. In tlie other gap insert a decimal-ohm 
loxl connecting it to the terminals of the bridge by 
negligible resistance. Use a re.sistance of 01 ohm m } 

Determine the point of balance, and jet it be x, decimal 

tlie wire Interchange tlie positions of the copper strip and the decimal 
oL box, and let the new position of the balance-pomt be y, cm. from 

the same end of the wire. 

Then by substituting in the general equation 

X = Y-t-(/,'-/,)p. 

we find 0 = 0■l-^(^/,-x0p. 

01 

Bo that 

Similarly if 0 2 ohm is used for Y. and the corresponding balance points 
are x*. i/* cm. from the end of the wire, 

Xt-yi 
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Since the diflerence between Xj and t/j is greater than the difference 
l)ct\vecri a-’i and y,, tins result is more accurate than the former. 

By u.sing still larger value.s for Y still greater accuracy is secured, but 
V must be less than the rcsi.stance of the slide-wire itself. 

Calculate p the resistance of the bridge-wire per cm. Having deter¬ 
mined the value of p as in Expt. 2.‘18A. iLse the result to find the resistance 
of the coil under test in terms of the standard ohm. 

Expt. 2.38B. Construction of a 1-ohm Coil.—Determine the resist¬ 
ance of a piece of rnanganin or constantan wire by means of a metre 

bridge (p. 417). Calculate what length of the wire must 
be used to make a re-sistance of 1 ohm. 

If very great accuracy be not required, cut off a 
piece a few centimetres longer than this. Solder it to 
two stout copper strips, or to two terminals mounted on 
the top of a wooden bobbin. Redetermine its resistance, 
and shorten the wire to the required amount by twisting 
the middle part of the loop together, soldering the twisted 
part of the wire when the adjustment is correct. 

If very gi*eat accuracy be required, cut off a length 
of wire about JO per cent longer than the calculated len^h 
for 1 ohm. Solder it to two terminals as already de¬ 
scribed, and redetermine its resistance very accurately. 
Calculate what length of similar wire would have to be 
connected in parallel with it in order that the resistance 
of the two together, when connected in parallel, shall be 

F:q. ^ If above instructions have been carried out care¬ 

fully, the length required for the parallel wire should be 
about ten times as long as the piece originally cut off. 

Cut off this length, and solder it in parallel with the first length 
across the terminals of the bobbin. Take each loop of wire, and draw it 
out so that the halves of the loop lie close together and parallel. Wrap the 
two loops separately round the bobbin, taking the halves of each loop 
round and round in the same <lirection. Fix the double end of each loop 
to the wood of the bobbin with sealing-wax, taking care not to make too 
sharp a bend at the end of the loop. 

Wrap tape round the coils thus formed and immerse the whole in 
molten paraffin wax. 

It is desirable to test the resistance before wrapping and waxing the 
coil, if great accuracy is required. If the resistance is not quite exact, 
the final adjustment is made by twisting together the end of the loop to 
the middle of the longer wire, soldering together the twisted end when tlie 
adjustment is exact. 



Expt. 239. Standardisation of a l-ohm Coil by Carey Foster's Bridge. 
—-Connect two nearly equal resistances across the middle gaps of a slklo- 
wire bridge. Two coils of approximately 1 ohm each are suitable for this 
purpo.se ; these constitute the resistances R, and R* (Fig. 253). 

In the extreme gaps insert the resistance to be standardised, and a 
standard resistance of 1 ohm ; the standard resistance is represented by 
Y in Fig. 253, and the other resistance is X. 

Find the point of balance when a galvanometer and a cell are con¬ 
nected as in Fig. 253 — let this bo l^ cm. from the end I of the wire 
as shown. 

Interchange the resistances X and Y, and again find the balance 
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point ; this will probably be in a clitTerent position, say at a tUstanco 
from the end I. 

Then 

where p is tlie resistance of the bridge-wire per cm. 


COEFFICIENT OF INCREASE OF RESISTANCE WITH 

TEMPERATURE 


The ratio of the difference of potential between two points of a wire 
to the current through the wire is constant only when the temperature is 
constant. In other words, the resistance of a wire varies witli bnnporature, 
and. in general, the resistance at a liigher temperature is greater than the 
resistance at a lower temperature. The increase of resistance per degree 
rise of temptn-ature is approxiniately constant for the same wire. The 
Coefficient of Increase of Resistance with Temperature is the Increase of Resistance per 
degree, divided by tbe Resistance at 0^ C. 

Thus, if = resistance at O' C., 

muJ R, = resistance at t'‘ C., 

tljc mean value of the coellicient over this range is 

R. - Ro 


a = —5 




Thus, if a is constant. 

R, = Ro (l+nO- 

To determine a, it is necessary to measure the resistance at two different 
temperatures. It is convenient to select the freezing point and the boiling 
point of water as the temperatures of observation. The value then obtained 
for a is the mean value between O'’ C. and 100'’ C. 

The accuracy with which a is determined depends on the accuracy 
with which the change in resistance may bo measured. Since R, - Ro is 
the snuill difference between two largo quantities, each resistance must 
bo measured most carefully. Thus, if the change of resistance be oi 
R an error of 01 per cent in Ro or R, becomes an error of 1 per cent in 
R* - R An accurate P.O. Box may bo used for measuring the resistances, 
blit when the resistance is of the order of 1 olim Carey Foster’s method 
(p. 423 ) is to be preferred for this determination. 


ExPT 240 Determination of the Temperature Coefficient of Resist¬ 
ance for Platinum.—A small coil of fine platinum wire, having a resistance 
of about 1 ohm, is fitted with thick copper leads and placed inside a gl^ 
tube closed at the lower end. The leads outside the tube are of flexible 
wire An exactly similar set of leads simply soldered together the 
lower ends is also provided. These are called the compensabng leads. Ihe 
ond.s of the leads are fitted with copper connecting forks, those connected 
with the platinum being lettered PP and those attached to the compensat¬ 
ing leads being lettered CC. A metro bridge with four gaps is required. 
In the two inner gaps of the bridge connect two exaedy equal [esistanc^ 
R. R (1-ohm coils ore suitable). Connect the terminals marked PP i 
one of the outer gaps. Connect one of the C terminals to one side of the 
other gap, the other C terminal to a terminal of an adjustable resistance 
box S containing ohms and decimals of an ohm. The 

this resistance box must be connected to the other side of the gap by a 
thick copper strip. Connect a mirror galvanometer to the tennmals 

A and D, and the battery to B and C. 
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hattoiy is oonnocted to the tapping key on the slide-wire to 
obviate heating eftects due to the current, for with this arrangement the 
current onlv flows dviring the moment the adjustment is being tested. 
The a<ljustment for balance is correct wlien there is no immediate de¬ 
flection on depressing the tapping key. If the key is kept down for a 



short time, the platintun becomes Ijcated by the passage of the current, 
its resistance changes, and the balance is no longer correct. 

'I'ho arrangement deacribe<l forms a Wheatstone’s network, shown 
diagiainmuticaliy in Fig. 255. Wlicn the point of balance is found, 

R_ V + r+xp 
R ~ r-t- S + ( 100 - x)p* 
where P-resistance of platinum coil, 

r = resistance of connecting (or compensating) leads, 

= distance of point of balance from one end of bridge-wire, 

P = resistance of 1 cm. of bridge-wire. 

Now 

consequently P-fr-i-xp = r+S-(-(100 - x)p 

or P = S-}-(100-2x)p. 

Note. —The value of P should be calculated from the result obtained 
when S is adjusted so that the balance point is as near as possible to the 
middle of the slide-wire. 


Determination of p.— Place the tube containing the platinum coil in 
melting ice. and obtain a balance point with S equal to 1 ohm ; let this 
be X, cm. from the end of the wire. Alter S to 11 ohm.s and find the 
new balance point; let this be x, cm. from the end. Alter S to 1-2 ohms, 
and let the balance point be x, cm. from the end. 

P= 1 + (I00- 2x,)p, 

P=1 l + (100-2x,)p, 

P= 1 2-»-(100-2x5)p. 
l-i-(100- 2x,)p= M + (100- 2x,)p, 


Then 

Hence 



so that 



CH. V 


MEASUREMENT OF RESISTANCE 


420 


Siinilmly, from the first and tfnrd observations, 

0 2 

2 (.r 3 - .r,)‘ 

TIjc second value is i>robal>ly the mon- correct, though tlie average might 
be taken for use. 


Determination of P at the Freezing Point and the Boiling Point.—The resist¬ 
ance of tlie platinum spiral can be calculated from tlioobservationsalreatly 
made, since the value of p luus been determined. 

The resistance at the boiling point i.s determined by finding a point 
of balance when the tube containing the coil is plaeeil in a liypsometer 
and surroiuided b>- steam. The value of S nuist be adjusted so that tho 
point of balance comes on the bridge-wire and as near the middle as 
possible. The temperature of tho boiling point should bo corrected for 
atmospheric pressure at the time of the experiment. 

Calculate the mean value of tho temperat\iro coefficient of resistance 
between the freezing point and tho boiling point. 

The tnonn coofliciont for imv given range of temperature may be dotormiiuxl 
by finding the resistance H, and Rj at tho limits of tfie range. The temperatums 
L and t. may be found by using a mercury thermometer to take the temperature 
of the bath in which the platinum spiral is immersed. 

Then Ri = Ro( 1 + “h) = Ro( 1 + at,). 

Rj 1 at^ 

Hence, by division, 

R,-R, 

g‘V‘'‘g ““R,t,-R,h’ 


§ 4. Comparison of Resistances by the Fall of 

Potential Method 

When two resistances are included in tlie same circuit so that the 
same current is flowing through each, we can compare tlie resistances 



.. R 

II /sy\/KAA.AA A ■! 

-|l 

1 

1 

r. 


0 

“e 1 F G 

Fio. 250.—ComparUoD of Resistances 


if we can compare the potential differences between the ends of the 
two resistances. 

Let DE and FG be two resistances, whose values are and r.^ 
respectively, and let them be included in a circuit containing any 
other resistance R and a battery B. Then the same current I flows 
through each part of the circuit. 
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If V stanrls for (lie 
with Oliiii’s Law, 

uiul 


j>otcntial at any i)oint, wc have, in accordance 

V.,-V. = Ir, 

V,-V„ = Ir2. 


(’onscqnently 



Hence, if wo can compare the fall of potential between D and E 
with that between F and (J, we can find the ratio of Tj to r^. Tliis 
method is specially suitable for low resistances. 


Expt. 241. Comparison of two low Resistances.—Connect in .‘series a 
2-volt cell, a large adjustable re.sistanco R, and the two low resistances 
r, and r*. as in Fig. 25(i. 

If we determine the ratio of the differences of potential between DE 
and FG, we can find the ratio of to r,: if either of these is known, the 
\'ulue of the other can be found. 

In or<ler to compare the fall of potential in one case with that in the 
other, all that i.s necessary is to connect the points D and E to a high- 
rcsistuircc galvanometer (virtually a voltmeter) and observe the deflection, 
and afterwards to connect the points F and G to the same galvanometer 
and again ob.serve the deflection. A double-pole throw-over switch is 
convenient for this experiment (p. 487). 

If dj, c/j are the deflections (assumed small) in the two cases, 


flenco 



Compare in this way the resistance of a metre of copper wire ol 
about 20 standard wire gauge, and a standard resistance of 01 ohm. 
P'iiid the resistance of the copper wire in ohms, and from this and the 
dimorLsions of the wire determine the specific resistance of copper. 


Tins is a very useful method of comparing resistances, and deserves 
more attention than it has received. The principle is applicable in the 
case of the comparison of very small resistances. In some cases a qiiadrant 
electrometer may be used in place of the high-resistance galvanometer. 
It is, of course, a fleflection method, and is therefore not so accurate as 
Kel\-in’s Double Uritlge, which is a null method. This experiment is too 
uilvanccd to be described in tliis book. 


§ 5. Measurement of High Resistances 

The ordinary form of Post-Office Box may be used to measure resist¬ 
ances up to 1,000,000 ohms. By having resistances of 10 ohms and 1000 
ohms in the ratio arms P and Q (Fig. 250) the unknow’n resistance may 
be 100 times as large as the resistance of the adjustable arm, which is 
usually not greater than 10,000 ohms. Thus the unknown resistance may 
be 1,000,000 ohms. To measure a resistance greater than this a modi¬ 
fication of the substitution method may be employed. A battery of 
constant E.lSf.F. is used to send a current through the high resistance 
placed in series with a sensitive galvanometer, and the deflection is ob- 
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sor\-o<l. The same battery is thou couuootod throujxli a lur^o adjustablo 
rosistance to the galvanomotor, hut the jjalvaiiomotf*!- is now shunliU so tliat 
only a known fraction of the total ciirront passers throu«:li it. If it bo pos.s. 
iblo to obtain the sjuno doflortion as before, the \inUnown rosistance can 
be calculated. It the atljustable rc.sistanco bo not lar^c cnougli to make 
this possible, the deflection obtained witli the lar-zest available resistance 
is noted, and the calculation is caiTied out on the assumption that tlu! 
deflection is proportional to the current through the galvanometer. Another 
method tliat ina}’ be used in such a case is to vary the applied E.M.F. in 
a known manner, as by varying the number of cells in a battery composeil 
of cells of ecjua! E.M.F. 

In measuring high resistances the various parts of tlic a[>paratus must 
be insulated carefully : thus no wires .should bo allowed to touch the table, 
as the resistance of the wood may be comparable with the resistance that 
is being measured. 

Expt. 242. Measurement of the Resistance of a Carbon Strip.—A 
suitable higli resistance for this experiment may be constructed by 
fixing two terminals to an ebonite base, and drawing lines from one 
terminal to tlie other with a black-lea<l (graphite) pencil. The apparatus 
should be provided with a cover to protect the carbon strips from damage. 

Connect the unknown resistance in series with a battery giving an 
E.M.F. of 6 or 8 volts, a plug key and a sensitive mirror galvanometer. 
Observe the deflection d, produced when the whole of the cuiTont pas.ses 
through the galvanometer. 

Remove the unknown resistance, and in its place put an adjustable 
large resistance — a Post-Office Box will serve the purpose. Shunt the 
galvanometer with a coil having a resistance of the galvanometer 
resistance, so that only ro’bT of ^*'0 total current passes through the 
galvanometer. Adjust'the resistance so that the deflection obtained is 
the same as that previously observed. Then os the total current is now 
1000 times that in the first part of the experiment, tlie unknoum resist¬ 
ance must be 1000 times the resistance in the resistance bo.x. 

If it be impossible to obtain in this way a deflection as small as that 
observed in the first part of the experiment (d,). note the deflection (d^) 
obtained with 10,000 ohms in the box and the galvanometer shunted so 
tliat ~ of the total current passes through it. Since the deflection may 
be a.«»umed proportional to the current, and the current is inversely pro¬ 
portional to the resistance, the unknown resistance has the value 

1000 X 10.000 X 

Calculate the unknown resistance from the deflections observed. 

KIRCHHOFF’S LAWS 

Two generalisations due to Gustav Kirchhoff are useful in solving 
problems about currents in a system of wires forming a network. 

^ The first law relates to the ‘continuity of current’ when a number 
of conductors meet at a point, and states that when the ciurents are 
steady there is no accumulation of electricity at any point. 

Law I. The algebraic sum of all the currents which meet at any point 
is zero, or 2l = 0. Currents flowing towards the point must be given one 

sign, those flowing from it the opposite sign. , „ i * 

Law II. In any closed circuit or mesh the algebraic sum of all the electro¬ 
motive forces in that circuit is equal to the algebraic sum of the ^odu(^ 
of the current and resistance in each branch of that circuit, or SE —21K. 
Attention must be paid to the sign of each E.M.F. and each current. 
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ELErTHOLY SIS—ELECTROCHEMICAL 

EQUIVALENTS 
§ 1. Electrolysis 

Liquids wliich are decomposed when an electric current passes 
tlirough them are termed electrolytes, and the process of decomposi¬ 
tion is called electrolysis. Solutions of salts and acids in water, and 
certain compounds, when fused, are decomposed by the passage of a 
cunont, the products of decomposition appearing only at the plates 
where the current enters or leaves the electrolyte. These plates are 
termed the electrodes, that where the current enters being called the 
anode, the other the cathode or kathode. Thus, inside the electrolytic 
cell,* or voltameter, as it was often called, the conventional current floivs 
from the anode to the cathode. The metallic (electropositive) ions, 
including hydrogen ions, are carried along with the current towards 
the cathode. In his Experimental Researches Faraday writes : ‘ I 
propose to distinguish such bodies by calling those anirnis which go to 
the anode of the decomposing body ; and those passing to the cathode, 
cations ; and when I shall have occasion to speak of these together, 
I shall call them io7ts ’. 

It was proved by the experiments of Faraday that the mass M 
of a radicle set free by the passage of a current is directly proportional 
to the quantity of electricity, Q, which has passed through the volta¬ 
meter. But Q = It, where I is the strength of the current (assumed 
steady) and t the time during which the current has passed. Hence 
M is proportional to If. 

If the same current be passed through several voltameters in series 
containing different electrolytes, the number of ions that enter into 
chemical action in a given case is proportional to the chemical equiva¬ 
lent of the ion concerned. The chemical equivalent is the mass of an 
ion or radicle, which will replace, or combine with, one part by mass 
of hydrogen. In the case of an element the chemical equivalent is 
equal to the atomic mass divided by the valency. Thus for silver, 
atomic mass 107*88, valency 1, the chemical equivalent is 107*88. For 
copper, atomic mass about 63, the chemical equivalent in a cuprous 


' The largo voasel used in indoatiy U called an eIcctroiTtic bolA or col. 
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salt like cuprous chloride (CuCl) is 03, because copper licre is univalent, 
while in a cupric salt like cupric chloride (CuC^) the chemical e(jui\ alent 
is 03/2 because cojiper licre is divalent. 

The electrochemical equivalent, e, of an ion is tlic mass in grams 
which is set free by the passage of unit quantity of electricity. It 
follows from this definition that 


M =cQ = elt. 

It also follows from the statements above that the electrochemical 
e([uivalent is directly proportional to the chemical eijuivalent, or the 
electrochemical eqxiivalent of an ion is eipial to the chemical equivalent 
of the ion multiplied by the electrochemical equivalent of hydrogen. 

The Practical Units of Quantity or Current of Electricity arc fre- 
(juently defined in terms of the amount of chemical action produced 
bv the passage of electricity through an electrolyte. Thus, the Inter¬ 
national Coulomb ^ has been defined as the quantity of electricity 
w'hich liberates 0-001118 gm. of silver from a neutral solution of nitrate 
of silver in water. Again, a current of one International Ampere * is 
that current w'hich liberates per second O ftOlllS gm. of silver from a 
neutral solution of nitrate of silver in w'ater. Thus, the electrochemical 
equivalent of silver is, from this definition, 0-001118 gm. per coulomb. 
The chemical equivalent of silver (referred to hydrogen) is 107-02 ; 
hence the electrochemical equivalent of hydrogen is 0-00001045 gm. 
per coulomb. 

The quantity of electricity required to liberate one gram-atom of 
any univalent element is called one Faraday, and the faraday is equal 
to 107-88-;-0-001118 =96500 coulombs approximately. 

One gram-atom means that mass for wliich the number of grams is 
the same as the number representing the atomic mass of the elernent. 
Taking the atomic mass of oxygen as 16, one gram-atom of silver 

contains 107-88 gm. 


§ 2. Determination of Electrochemical Equivalents 

electrochemical equivalent of hydrogen 


When a current of electricity is passed between platinum electrodes 
through a dilute solution of sulphuric acid in water, decomposition 
takes place, and oxygen is evolved at the anode, hydrogeii at the 
cathode. In this case the current can be made to pass continuously 
only if the electromotive force available is greater than about 1-5 volts, 
for the products of decomposition on the electrodes act like the plates 
of a cell. This cell has an E.M.F. which opposes the passage of the 

' The Legal or Inicrnational Coulomb and Ampere defmed in this way differ by .-i very smaU 
amount from the Coulomb and Ampere doffned by means of the magnetic action of a current. 
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nitrent. tlio Back E.M.F. set up lioin^ about 1-5 volts. If the strcnjrth 
of the ourrotit passiiij^ throujih the solution be extremely small, it may 
happen that the hydrogen liberated is dissolved by the water and no 
visil)le evolution of bubbles of gas takes place, but with a stronger 
< vu rent bubbles should be evolved freely and the water soon be satur¬ 
ated with gas, so that all the hydrogen liberated subsequently may 
be eolleeted. This gas is now in the form of neutral molecules. 

Other solutions may be used in place of the sulphuric acid solution, 
for example in jircparing very pure hydrogen a solution of banum 
hydroxide Ba( 0 H )2 is frequently employed. 

fri order to determine the electrochemical equivalent of hydrogen it is 
ru ccssarv to pass a known current for a known time, to collect the hydrogen 
cvuhed.'to measure its volume under known conditions, and to calculate 

its mass. 

To inea.sure the current a tangent 
galvanometer may be used, for this 
measures the current in absolute units. 
It is, however, often more con¬ 
venient to use a moving coil ammeter, 
reading, say, from 0 to 3 amperes, 
which has been standardised already by 
compari-son with a tangent galvano¬ 
meter (p. 386). Care must be taken to 
connect the terminal of the ammeter 
marked 4- to the positive terminal of 
the battery. A current of from 1 to 
2 amperes is usually convenient, and a 
suitable current may be obtained by 
varying the number of cells in the 
battery, or by introducing sufficient 
resistance in the circuit when the cur¬ 
rent is taken from the electric-light 
mains where direct current is supplied.^ 
Several different forms of apparatus 
have been constructed for collecting 
the gas evolved. 

I. Apparatus for IGxed Oases. — The 
glass portion of the apparatus is 
constructed os in Fig. 257. The gas 
evolved from both electrodes is collec¬ 
ted in one and the same tube, which is 
graduated in c.c. TSvo volumes of 
hydrogen are evolved to one volume of oxygen, so that of the total volume 
of gas collected only two-thirds are hydrogen. The graduated glass tube 
can be refilled with water by tilting the apparatus on its side repeatedly. 
In this way the apparatus can be prepared for xise expeditiously without 
the risk of dilute acid being splashed about on the laboratory table. 

Expt. 243. Determination of the E.C.E. of Hydrogen. I.—^The 

method of making the connections is shown in Fig. 258. 

When these connections have been made, complete the circuit for a 
few moments by means of the plug key, in order to see that a suitable 
deflection is obtained on the ammeter, and that bubbles of gas are given 

' For a convenieot type of lamp resistance see p. 490. 



Flo. 2o7.—Voltameter for Mixed Gases 
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E^uivalt'Ut 


ELECTHOI.VSlJS — KLECTROt'HKMK'AL KQl’IVAEKNTS 

oft’ from tho If the cum*iit. is ohtaiius! from a hatter>- of 

storam'i cells, a jtioco of n-sistancc wire {platinoid or laanj'anin) may he 
introduced as one of the coiiiu'ctin^ wires, in order t<* adjust the current 
to the strength desired. Before beginning the actual experiment remove 
the bubbles of gas that have col¬ 
lected in the gratluateil tube dur¬ 
ing tlio preliminary adjustments. 

Start the current and the 
seconds haml of a stop-watch, or 
clock, at the same instant, and 
allow the evolution of gas to 
continue till tho gi-atluated por¬ 
tion of tho tube is filled with tho 
mixed gases.‘ Readings of tho am¬ 
meter must be taken every half- 

minute, and from these reading.s * 

the mean value of tho current must he calculated. W hen the full nmoimt 
of gas has been collected, stop the current and the stop-watch at the 
same instant, and find the value of /. the time in secon<h during winch 
the cunent has been flowing. Determine also tho volume, \ c.c., of 
collected under the conditions of the experiment, remembering that 
only two-thirds of the total quantity of gas is hydrogen. 

This volume, V c.c., requires to bo corrected for temperature and 
pre.ssure. that is, we require to fiml what tho volume would be at 0 C. 

and vmder a pressure of 7G0 mm. of mercury. lu,, ,,<.5ncr 

Correction for Temperature.—This correction is most easily applied by using 
the absolute scale of temperature, since the volume of a given mass ot gas 
is directly proportional to its absolute temperature. To convert tempera¬ 
tures on the centigratlo scale to temperatures on t he abso ute scale it is only 
nece.ssarv to add 273° to tho rea<ling of the centigrade thermometer, ihe 
volume of the gas at 0° C. (or 273° K.) would be 

V 273 

V X -.jr* 

where T is the temperature of the room on the absolute scale. 

Correction for Pressure of Aqueous Vapour.—Let P bo tlie actual pressure in 
mm. of mercury of the gaseous mixture ui the tube at the end of tho 

experjmont.^ the height of the barometer in mm. The 

tube differs from the atmospheric pressure on account of tho difference in 

botween A and D. The pressure 
due to the rBere,>oe ot level between A and D = /,/13 0 mm. of mercury, 
since the density of mercury is 13-6. Hence P-B + rt/lo <>• 

The total pressure P is made up of a pressure P due to 
and oxygen, and p due to tho aqueous vapour m the tube. The space n 
the tube ks saturated, therefore p = saturation vapour pressure of water m 
nun of mercury at the temperature of the room. (See Appendix, p. 563.) 

Thus P' = P - p, or P' = B -I- /i/13• 6 - p, and consequently tho volume of the 
hydrogen and o.xygen together under standard pressure (760 mm.) at 0 C. la 

273 P' 


Vo = Vx 


760 


_ 273 B+A/136-P 

= -760- 

> TIte evolution of caa muat not be continued long enough for the electrics to become un- 
coverS byllqSr if tL Uppena Uien, U aome risk of a aenoua exploa.ou takmg place with thia 

iorm of &ppa»ta«* 
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The volumo of the hvtlrogeii is two-thirds of this volume. 

Tho in«s.s of 1 litre of hydrogen at 0" C. under nim. of J^^rcury is 
0 0H9S7 gin., so that wo may take 1 c.c. of hydrogen under these conditior^ 
as having a moss of almost exactly 0 00009 gm. Hence the mass of the 

hydrogen M - ^Vo 0 00009. 

The electrochemical equivalent of hydrogen may then be calculated 
fniin the equation € - 

The exp€>riinerit may be repeated with different values of I. 


II. Apparatus for Separate Gases.—In this apparatus the oxygen and hydro¬ 
gen are collected separately in two inverted gas collecting tubes, or burettes, 
'i'hese are filled with water before the commencement of the experiment and 
placed in position over the platinum electrodes (Fig. 259). 



Expt. 244. Determination of the E.C.E. of Hydrogen. II.—Make tho 
electrical connections as in Fig. 258, and fill the collecting tubes with 
acidulated w'ater. In the apparatus on the left of Fig. 259 the two tubes 
arc mounted separately. 

The resistance of the voltameter varies very considerably with the 
depth to w’hich these glass tubes are immersed, so that the strength of 
the current may be adjusted by altering the position of one of the tubes. 
In making this adjustment, great care must be taken to see that all the 
bubbles of gas are caught within the glass tube ; if the tube is not at a 
sufficient depth in the liquid some bubbles may escape. The procedure 
is very similar to that already described, but in this case the hydrogen 
evolved at the cathode is collected till the tube containing it is filled to 
the level of the water in the voltameter. By adjusting the level of the 
water inside the tube so as to be the same as that of the water outside, 
h becomes zero, and no correction for difference of level is needed. 

The aqueous vapour present must be corrected for. If the atmospheric 
pressure is B, and the volume V is read at atmospheric pressure, we have 
present in the tube this volume of hydrogen at a pressure B -p, p being 
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tho saturation vapour pressure of aqueous vapour at tlie temperature of 
the water. 

It is also necessary to correct for temperature. 

Tlie volume of the hydrogen, reduced to 0'^ C. and 7G0 inin. i)ressurc, 
will be given by 

_ 273 B-p 

273 + i’' 760 ' 

whore f is the temperature (centigratle) of the water in tlie voltameter. 

The apparatus shown on the riglit of Fig. 250 is more convenient 
in use. Two inverted burettes are permanently attached to the central 
glass tube, w’hicli is provided with a reservoir. Into tliis reservoir 
dilute acid is poured, and by manipulating the stopcocks the side tubes 
may be filled with liquid when required. In this form of apparatus a 
correction is needed, as in Expt. 243, for the difference in water level 
after the hydrogen has been collected. 

ELECTROCHEMICAL EQUIVALENT OF COPPER (CUPRIC) 

When a current of electricity is passed between copper electrodes 
through a solution of a copper salt in water, copper is dissolved from 
the anode but is deposited on the cathode. The 
amount of chemical change taking place is pro¬ 
portional to the quantity of electricity passing 
through the voltameter. It is found, however, 
that trustworthy results cannot be obtained from 
the loss in weight of the anode, as small pieces 
become loosened and detach themselves from the 
anode mechanically, so that in quantitative experi¬ 
ments it is always the increase in weight of the 
cathode that is determined. Our present object is 
to determine the electrochemical equivalent of cop¬ 
per, that is the weight of copper deposited by the 
passage of one coulomb of electricity. We must 
therefore measure the strength of the current by 
some absolute instrument such as the tangent 
galvanometer, and observe the time in seconds 
during which the current flows. In many experi¬ 
ments, however, the value of the electrochemical 
equivalent is assumed, and the copper voltameter 
used to measure the strength of the current flowing. pjo 2on.—Copper 

VoltrtmeUT 

The Copper Voltameter consists of a glass jar containing 
a solution of copper sulphate made by dissolving about 20 parts by weight 
of crystallised copper sulphate in about 100 parts of water. The solution is 
made slightly acid by the addition of 1 per cent of strong sulphuric acid. 1 ho 
anode is made of two simUor copper plates placed parallel to one another and 

,,rv Sri Pratap College, 
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KiinnortcMl hv a hriclce of ebonite which rests on the top of tho gK'w 

pl.aes nre b/hh connected to one terminal fixed to Ja^r It 

s a copper i)lnte of about the same size as one of the anode platos. it is 

placed between the latter and is attached to a brass block on the ©bo 
bv a single binding-screw, so that it can be removed easily for weighing. 
As anode a.ul call,ode are composed of the Mine ' 

is liboratp<l by the current, there is no back E.M.P. due to polarisation, 

and the smallLt applied E.Id.F. will bring about the aive nn 

Hut if the cun-ent is very small, a very long time 

amount that could be weighed accurately. tlTo cct a 

current is too strong the ct.pper is liable to scale off the ^/ 

lirrn an«l smooth deposit of copper the 

ampere for each 50 or GO sq. cm. of surface. It is therefore necef^arv to 
find the area of the two sides of tho catfiode and to calculate approximately 
the deflection of tho galvanometer corresponding to this 

If tho cathode be a rectangular plate about 5 cm. wide and bo immersed 
to a depth of 10 cm., tho current to be used should be about - amper&s, 
and the deposition should be continued at least half an hour. 

Expt. 245. Determination of the E.C.E. of Copper.—Connect the 
apparatus as in Fig. 261, taking care that the anode is connected to tho 



Fio. 261.—E.C.E. of Copper 



posith'e pole of the cell. The connection betw’een the resistance R and 
tho negative pole should be the last that is made. 

B is the battery, for which a single secondary cell Ls sufficient. 

V is the voltameter. 

R, an adjustable resistance, which may be a length of platinoid wire. 

K, a commutator. 

G, a tangent galvanometer. 

The tangent galvanometer usually employed is one with a single coil 
containing either a single turn, or two turns close together, of thick 
copper wire. All iron must be removed from the neighbourhood of the 
galvanometer, which must be set up so that the plane of the coil is 
parallel to the magnetic meridian, and the reading is zero. The wdrea 
connecting the galv'onomoter to the commutator should lead away from 
the galvanometer and should be twisted together, so that the magnetic 
fields they produce may not affect the needle ; twin flexible leads are 
convenient for this purpose. 

The cathode must first be well cleaned by rubbing it with sand and 
water with a rag, or with a piece of sand-paper or pumice-stone. It is 
washed with water and placed in the voltameter so that the current may 
be adjusted to the desired value by altering the value of the resistance 
R. When the current has passed for a minute or two, the circuit is 
broken and the cathode removed for examination. The part immersed 
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should now be covered with n smooth salmon-coloured de[)osit of copper. 
If the plate is dark in colovir it shows that the connections have not been 
made correctly. The red-coated plate must be washed and tlriod care¬ 
fully. The excess water should be removed with V>lotting-pai>er without 
rubbing, and the plate may then be gently warmed at some distance 
a6oic the flame of a Bmisen burner or a spirit lamp, (ireat care must 
be taken that the surface is not oxidised in the process. The cotlunlo, 
when dry and cold, is weighed on an accurate chemical balance to 
within one viilligram, and is replaced in the voltameter. The curretit is 
started at a knowm instant and allowed to flow for at least half an h«)tir. 
The deflection of the galvanometer is noted during the first five minutes. 
At the end of this time the current through the galvanonieter is reversed 
quickly an<l the deflection again noted. At the end of another live 
minuto.s the current is reversed again, and so on. 

Record the results as follows :— 


Time 
0 mins. 
5 
10 
15 
20 
25 
30 


Mean Detloctiun 

Tangent 

•> 

+ 35-0 

0-7002 

> 

-36-5 

0-7400 

> 

+ 3G-0 

0-7265 

> 

-360 

0-7265 

> 

+ 35 5 

0-7133 


-35 0 

0-7002 


0-7178 mean 


Tho mean current in amperes during the experiment is given by the 
formula 

1= 10 X 5^ X tan 0, 

Vjr 


where 1 is the mean current in amperes, 

tan 6 is the mean tangent of deflections, 

G is the magnetic field at the centre of the galvanometer due to 
1 e.G.S. electromagnetic xuiit of current, 
and H is the earth’s horizontal field in C.G.S. units (dyne per unit pole) at 
the place where the experiment is made. 

Now for a circular coil and a single turn * of radius r cm. 

G = 

r 


Hence 


I (in amperes) = 


Measure r, the mean radius, in cm. of the single coil of thick wire as 
accurately as possible with a beam compass or a pair of callipere, and 

^”^*^The cathode is carefully washed and dried a.s before, and then weighed 
again. The increase in weight is found. Let this be M grams. Then the 

electrochemical equivalent c = j-=the number of grams <loposited per 
coulomb. 

« For a Helmholtz galvanometor (p. 474) of two coils, one turn each, at a diflUnce apart equal 
to the radius r of either coil, ^ 

G =-- 


Hence, in this case. 


a lOrH, 

I (in Amperes)®* tan 


ft 
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THE HEATING EFFECT OF AN ELECTRIC 

CURRENT 

§ 1. Joule's Law 

The relation between mechanical energy W and heat energy H and 
the (letermination of Joule’s equivalent, defined as the constant ratio 
W/H, has been discussed on pp. 310, 317. Joule also investipted the 
relation between electrical energy and heat energy. From his experi¬ 
ments we conclude that an expenditure of energy is necessary to 
transfer electricity tlirough any material substance. Even the best 
conductor possesses a certain property to wliich this fact is due. This 
property we call the resistance, R. of the conductor, and according to 
OInn’s Law R is constant under constant physical conditions and 
ecjual to E/I. 

The principal units employed for the scientific measure of energy 
are :— 

Tlie erg = l dyne centimetre. 

The joule = 1 newton-metre or KF ergs. 

The gram calorie, or heat unit of energy =4-2 x 10^ ergs =4-2 joules 
(more exactly 4-185 joules). 

The kilowatt hour or Board of Trade Unit*the energy supplied by 
an engine working for a period of 1 hour, the power of the engine being 
1 kilowatt (see below). 

The difference of potential between two points in an electric circuit 
is equal to the work done in carrying unit quantity of electricity from 
one point to the other. Hence, if a quantity of electricity Q is carried 
between two points when the P.D. is E, the work done W = EQ. 

If a steady current I flow for time t, Q = Ii, and therefore the work 
done W = ER. 

If E is in volts, I in amperes, t in seconds, W is in joules. For the 
difference of potential between two points is one volt when one joule 
of work has to be done in carrying one coulomb of electricity from one 
point to the other against the electric forces. 

If a steady current of one ampere flow between two points between 
which the P.D. is one volt, the rate of doing work is one joule per 
second, or one watt. 
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The units employed for measuring power or activitij (rate of doing 
work) are the following :— 

The C.G.S. unit == 1 erg per second. 

The watt = 1 joule per second. 

The kilowatt = 1UOO watts. 

The Briti.sli horse-power = 33,000 ft. lbs. per min. =74(5 watts. 

The measurement of electric power <!epends on the measurement 
of current and difference of potential ; the energy depends on these and 
also on the time. 


]Vhen the energy of an electric current is not used in doing mechanical 
work or in chemical action it appears as heat in the conductor. Accord* 
ing to Joule’s Law’ the heat produced is equivalent to a certain amount 
of mechanical energy, in accordance with the equation 

W = JH. 

If W is in joules, H in calories, J =4-2 joiiles per calorie very Jicarly, 
for 1 gram calorie is equivalent to 4-2 joules. 

Then JH = ElL 

Since R = IR w’e may also w^rite JH=PRL 

XoTE.—This last equation is true whether work is being performed by 
tlie current or not, the portion of tho applied potential difference required 
to overcome a resistance R being IR if a current I is being passed, howevei 
tlic rest of tlie P.D. is being employed. The heating effect therefore is 
measured always by I^RL and is often referred to by electrical engineers as 
‘ the IK® lo.ss 

ExPT. 24GA. Determination of the Mechanical Equivalent of Heat by 
an Electrical Method using a current of about 10 amperes.—In order to 
test the accuracy of this result it is necessary to 
measure the heat proiluced by the passage of a 
given current, for a given time, under a known 
difference of potential. 

When a largo current of from 8 to 12 amperes 
i.s available, an appreciable change of temperature 
may be obtainecl in two or three minutes. 

The heat produced is measured by immersing 
a coil of resistance wire caiTying the current in a 
largo calorimeter (capacity about half a litre) 
containing a liquid of known specific heat. In the 
case of water a certain amount of electrolysis 
takes place, but provided the potential difference 
employed does not exceed 8 or 10 volts, and the 
resistance of tho immersed spiral is low (about 0-5 
ohm), this does not materially affect the result. 

The spiral is connected by thick copper leaiJs to 
two terminals fixed to the w'ooden cover of the calorimeter. The coyer is 
provided with a hole for the thermometer and another for the stirrer. 
Efficient stirring is most important in this experiment. 

Tlie calorimeter is weighed empty, and again when full of water. 

The electrical quantities are measured most conveniently by using 





Fio. 202.—Calorimeter with 
lIcatiuK Coil 
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„„ ammeter aiul a voltmeter. The apparatus should bo connectetl as 

*ins a’bnttery comprising 4 or 5 secondary cells, provided with a fuse. 

A is the ammeter for currents up to about 15 or 20 amperes. 

\' is a voltmeter rea<ling to about 5 volts. 

C is the calorimeter. 

R is a resistance con.sisting of a wire frame 
rheostat, or a bare resistance wire. 

Having connected up the apparatus, usmg 
thick copper wires to make the connections m 
the main circuit* adjust the strength of the 
current to a suitable value* Wait a few 
minutes for the temperature of the calorimeter 
to become steady, stirring occasionally, then 
take the rea<ling of this initial temperature 
Start the current when the seconds hand 
✓"“N. I of a watch passes the 60 mark, and allow’ the 

-( \/ W current to flow’ for say 3 minut^, stirring 

V ^ y thoroughly meanwhile. Take rea<lings of the 

— ammeter and the voltmeter every half minute. 

Stop the current after a known interval of 
time and read the final temperature Of 



Fia. 263.—Heating Effect of 
(‘uirent 


Lot m = mass of calorimeter (inner vessel only), 

M s= mass of water, 

s = specific heat of metal of calorimeter, 

01 = initial temperature, 

0j = final temperature. 

Then the heat given to the calorimeter and its contents is 

H = (M + »n^)(0j- Oi). 


Calculate the value of ,1 in the equation 

JH = ETL 


noting that the time must be measure<l in seconds. . . , 

The experiment mav be repeated for a different value of the current. 
Instead of measuring E with a voltmeter, the resistance R of the 
immersed spiral may be measured by means of the shde-wire bridge, and 
the value of J found from the equation 

JH = VJU. 


Expt. 246B. Determination of the Mechanical Equivalent of Heat by 
an Electrical Method using a current of about 3 amperes.—^The method 
is similar to that just described, but, as a smaller current is used, a longer 
time (say 20 minutes) is required, and in consequence the correction 
for cooling is more important. Start the current when the temperature 
is 5° or 6* below the temperature of the room, and finish when the 
temperature is as much above that of the room. Two or three accumu¬ 
lators in series may be used to give a P.D. of about 3 volts between the 
terminals of the heating coil, which should have a resistance of about 
1 ohm. Take readings of the ammeter and voltmeter every minute, 
work out the values of El and take the mean, using this mean valu| in 
calculating ElL 

Experiments may be carried out with the same apparatus to test the 
conclusions of Joule (1840-3) that the quantity of heat is profiortional to 
(a) I* when R is constant, (6) R when I is constant, (c) the time < when 
El or I*R is constant. 
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XoTE.—Sometimes a non-conducting liquid such as paraffin oil, tnr- 
pontiiic. or aniline oil is used in the determination of the electrical ecjui\a- 
lent of heat. Tlio specific heat of the liquid must be known, and care must 
be talcm to avoid overheating. 


Moins 



§ 2. The Efficiency of an Electric Lamp 

When electrical energy is used for purposes of illumination it is 
important to know the relation between the rate at which energy is 
supplied and the candle-power produced. Electrical engineers often 
speak of the number of watts per candle-power as the ejjlciency of the 
source of li"ht. It would be more correct to term this the inefficiency, 
and to use the term efficiency to denote the 
candle-power per watt. 

Exi*t. 247. Determination of the Efficiency 
of an Electric Lamp.—The candle-power of tlie 
lamp under tost may be measured by one of 
the methods described in the Cliapter on 
Photometrv. p. 247. 

To n>eusure the rate at which energy is 
supplied to ail incandescent lamp, it is neces¬ 
sary to measure the current passing through 
tlie' lamp niul the difference of potential be¬ 
tween its terminals. . t-,. 

Connect up tlio apparatus as m Fig. 2G4. 

L is the lamp. 

R is an adjustable wire-frame resistance. 

A is the ammeter, connected in series. V is 
the voltmeter, connected in parallel with the 

*^"^Carc must be taken to see that connection is made to the proper 
terminals for both ammeter and voltmeter, before switching on the 
current. Note the readings of the ammeter and the voltmeter for a 

particular value of the resistance R. 

Measure the candle-power of the lamp m this condition. 

Take a series of readings in this manner for different values of the 
rMUtance R Finally cut out the whole of the resistance R, and take a 
set of readings when the lamp is supplied with current at the voltage 
for which it was designed. 

1 Calculate the number of watts per candle at the specified voltages. 

2. Calculate also the candle-power developed per watt. 

3. Calculate the resistance of the lamp when glowing at different 

candle p the heat produced in the lamp in calori^ per second. 

Tabulate the results, and illustrate them by means of graphs. 

It is instructive to carry out experiments of this kind both with a 

filament and a carbon filament lamp. 

The variation of the resistance of the carbon filament with temperature 
(estimated qualitatively by the colour) differs in an interestmg way from 
that of the resistance of the metal filament* 


Fio. 2C4.—Efllclency of Kleclric 
Lamp 
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§ 1. Induced Currents 

In 1S31 Faniday showed that an electric current was produced in a 
<'losed circuit whenever tlie number of lines of magnetic induction 
passing tlirough the circuit was changed. Such a current is termed 

an induced current. . i- u 

The loUil number of lines of magnetic induction threading the 

circuit is called the magnetic flux (N) through the circuit. The altera¬ 
tion in the magnetic flux may be due to 

(1) Starting or stopping currents in neighbouring conductors, 

(2) Variations in the strength of tliose currents, 

(3) The motion of conductors carrying currents, 

(4) Tlie motion of permanent magnets with reference to the circuit 

under consideration, 

(5) Changes in the strength of the current in a particular circuit 
(self induction). 

An induced current indicates the existence of an electromotive 
force (K.M.F.) in the circuit. 

The results in all these cases may be summarised in the statement, 
<luo to Faraday and Neumann, that the E.M.F. induced in a circuit is equal to 
the rate of decrease of the number of lines of magnetic induction passing through the 
circuit, the po.sitivo direction of the E.M.F. being related to the positive 
direction of the magnetic induction in the same way as the direction of 
rotation to the direction of translation in a right-handed screw. 

An increa^i: in the magnetic flux gives rise to a negative E.M.F. 

Expt. 248. Illustration of the Laws of Electromagnetic Induction.— 
Those laws are illustrated in the present experiment by the aid of two 
coaxial coils. One coil, the primary (of fairly thick wire) is connected in 
series with a secondary cell, an adjustable resistance, and a key ; the 
other, the secondary (having many turns of finer wire), is connect^ with 
a sensitive galvanometer. 

The coils may be wound round the rim of wooden discs,‘ the primary 
being laid flat on the table and the secondary supported above it on a 
block of wood. Sometimes the coils are in the form of solenoids (pp. 373- 
374) and the secondary surrounds the primary. 

N.B .—III all the following description it is assumed that the coils ond 
galvanometer are viewed from above. 


' coils without any wooden frame may coeily be wound by using fairly stiff insulated 

wiw, tying together with string, and soldering on terminals. 
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In tlio first place it is necessary to deteriniiu- in wliit h direi-tion tlie 
\\ire is \voiin<l in each of the two coils. 

To find the Direction of Winding in the Coils.—ITepare (liiee sniall |m|)C‘V 
labels, .slit in such u way that they may be attached to a t in ininal. (hi one 
side of each, mark a + sign with a eurvetl arrow round it pointing in tlie 
clockwise direction. Call the terminals of the primary coil A ami H—thc.sc 


Primanj Secondary 




FIG, 205.—Apparatus f(pr InductHl ('umntH 
R « resistance O ^ galvanoiiiot^T K « rcvcrsirijj switch 

To avoid confusion, tlic sccond.iry coil in tlit dl.icrani li.is displio cd to tlic ritjiit. 


need not be marked. Connect the positive terminal of the battery to A, 
and the negative terminal of the battery through a roiigli regulating 
resistance, K. to B. Bring a compass nevdlo close to the upper face of 
the coil and note the way in which the needle points. It the north eml 
of the needle points towards the top of the coil, this end acts like the 
south polo of o magnet, since lines of force enter the coil at this end. 

This means that the current in the coil circulates clockwise, as 
viewed from above, when the current enters at A. If this is so, attach a 
label to terminal A ; if it is.not so. attach a label to terminal B, ami 
check the result by connecting the positive pole of the battery to B. 

Call the terminals of the secondary coil C and D ami proceed as 
before, connecting the po.sitive of the cell to the terminal marked C. If 
the current in the secondary is clockwise* mark the tcnninal C witJi a 
label ; if it is not so, attach' the label to terminal D. 

To find the Direction of the Secondary Current for an observed Deflection of the 
Galvanometer,—Call the terminals of the galvanometer K and F. Connect 
E to the positive terminal of the cell, and then connect F momentanl!/ 
with the negative terminal of the cell through a largo resistance. \\ hen a 
sensitive galvanometer is used, it is of special importance that the resist¬ 
ance should be very large. Notice whether the momentary galvanometer 
deflection is clockwise or anticlockwise. If it is clockwise attach the third 
label to terminal E, if anticlockwise attach the label to terminal F of the 


calvanometor. ^ .... * 

Suppose the north polo of the galvanometer needle to go to the ea.st, 

then this north pole moves east when the cun-ent enters at E, and hence 

the direction of circulation of the current in the galvanometer can be 

found from the motion of the needle. • <,rr 

Connect up the secondary coil to the galvanometer as m Fig. 2bo, 
being careful to connect the labelled terminal of the galvanometer to 
that terminal of the secondary which has no label. For in this way a 
clockwise current in the secondary would leave tlie secondly by the 
unmarked terminal, and then enter the galvanometer by the marked 

terminal and give a clockwise deflection. 

Consequently the deflection of the galvanometer will now show direcily 
whether any current in the secondary is clockwise or anticlockwise. 

To demonstrate the Laws of Electromagnetic Induction.—Having matle these 
preliminary observations and obtained the result expressed m the last 
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sentence, conru-ct up tl.o primary coil witli its inarke<l terminal connectcc 
\vifh the positive terminal of the cell, and with its unmarked terminal 
connected to the negative with a large acljustaVdo resistance in series. 
'J’he current in the primary will now circulate round the primary coil 

in the clockwise direction- 


Then carry out the following experiments, noting in each case the 
direction of circulation of the current in the secondary as shown by the 
deflection of the galvanometer needle :— 

1 Current started in Primary.—The deflection of the needle is anti- 
clockwise. Therefore a clockwise current started in the orimary induces 

an anti-clockvAse (inverse) current in the secondary. n • i i 

2- Current uloppcH in Primary .—The deflection of the needle is cIock- 
wise. Therefore a clockwise current stopped in the primary induces a 

c/oci'ieiae (fiirecO current in the secondary. 

Note the deflection lus before and deduce the direction of the secondary 

current induced in each of the following cases :— 

3. Current in primary sutldenly increased. 

4. Current in primary suddenly diminished. 

r>. Secondary suddenly moved away from primary, keeping primary 


current constant. 

(i. Secondary suddenly brought up to primary again. 
7. Current in primary suddenly reversed. 


It will bo found that switching on the primary current produces an 
effect of the same kind as 3 and 6. 

Switching off the primary current produces an effect of the same kind 
as 4. 5 and 7. 

We can thus deduce another Law of Induced Currents :— 


The induced current in the secondary coil is always in such a direction as to oppose 
any change in the magnetic field through the secondary. It only lasts while the ch^e 
is being produced. 

In the suppositions made, switching on the current introduces douni’ 
ward-directed lines of force. The induced current circulates anti-clockwise 
and thu.s creates upward-directed lines of force, which howev’er only persist 
for a moment, the induced current dying away almost instantaneously. 

These ore all examples of mutual induction. We may express the results 
by saying that there is mutual inductance between the primary and 
st'conciary circuits. 

Verify that the above law holds good for all changes in the magnetic 
field, however produced. 

This may be done by bringing up a bar-magnet and finding the 
direction of the induced current:— 

(а) When the north pole of the magnet is inserted in the coil, i.e. 
the magnet is inserted w’ith its north pole downwards. 

(б) When the north pole is withdrawn suddenly. 

(c) When the magnet is inserted with its south pole do^vnwa^ds. 

(d) When tlie south pole is withdrawn suddenly. 

Place a bundle of iron wires in the coil, and repeat the first series of 
experiments. Show that the effects produced are always of the same 
kind as with air in the coil, but that the induced currents are of much 
greater magnitude. 


The last result is explained by saying that iron is more permeable 
than air to magnetic lines. If H denote the strength of the magnetic 
field, or the number of C.G.S. lines per sq. cm. in air, and B the corre* 
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spondiiig (juantity in iron, tlic rulio of B to H i.s callcMl thu Permeability, 
a, of the iron. Thus 

B 

The term magnetic Flux i.s applied to tlie number of the magnetic 
lines passing through tlie iron. The C.G.S. unit of magnetic flux i.s the 
maxwell. The maxwell corresponds to one C.G.S. magnetic line. The 
practical unit of magnetic flux is the weber. One weber etpials K)’’ 
maxwells. 


THE INDUCTION COIL 

The object in view in the construction of an induction coil is tlie 
production of a high induced electromotive force that is maiidy uni¬ 
directional. Let M denote the coefficient of mutual induction or the 
mutual inductance of two coils, RI is the number of times the 
secondary is threaded by lines of magnetic induction when unit current 
flows in the primary.^ Then if a current ^ i flow in the primary, the 
number of times the secondarj' is threaded by lines due to this current 
is Mi' and the magnetic flux N =Mi'. If N is in maxweUs and i is in 
amperes, the mutual inductance is in henries. The L.M.I. will then 
be in volts. 

But the induced E.M.F. =Rate of decrease of N, 

= Rate of decrca.se of M/, 

*M X (Rate of decrease of i), 

provided M is a constant cjuantity. 

Thus to make the induced E.M.F. large, the two factors on the right- 
liand side must be made large. To make M large, the secondary coil is 
wound with a large number of turns, and an iron core is used to con¬ 
centrate the magnetic lines. To make the rate of decrease of the current 
large, the original current in the primary must be large and it must be 

cut off very rapidly. 

Thus the essential features of the induction coil are :— 

(1) A primary coil of a small number of turns of thick wire, and 
therefore of low resistance. 

(2) A secondary coil of a large number of turns, involving the use 
of fine wire and consequently large resistance. 

(3) A core consisting of a bundle of soft iron wires. 

(4) An interrupter, to break the primary current very rapidly. 

A condenser is usuaUy fitted with its plates connected to the two 
points of the primary between which the break occurs. 

• If there are n tuma in the secondary^ each line threads the circuit n timea 
» Ab the current may vary, i ia used inatead of i. 
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Kijr. 26G shows the construction of a Ruhmkorff’s coil fitted with a 
\mmmvr contact-l.reakcr. The l)attcry B is connected to the primary 
V througli tlie commutator K, connection being completed tlirougli the 
I)oint of the screw A and the back of the hammer-head H. The hammcr- 
licad is mounted on a spring D, the tension in which can be adjusted 
!)>• the insulated screw T. When the current passes round the primary, 
the iron core is magnetised and attracts the soft iron H, which flies 
forward and breaks the contact. The magnetic field is thus destroyed, 



Fio. 200 .—Ilulimkorfl’s Coil 

and an E.M.F. is induced in the secondary due to the sudden with¬ 
drawal of the magnetic lines. The hammer-head, being no longer 
attracted, returns to its former position and makes contact once more, 
A condenser C is provided in the base of the apparatus so that the 
E.M.F. due to the self-induction of the primary may charge up the 
condenser instead of producing a spark at the point of break. In this 
way the primary current is reduced to zero more rapidly, or the rate of 
diminution of the current is increased. An E.M.F. is also induced in 
the secondary on making contact, but this is much smaller than that 
at break, since the primary ciirrent takes some time to rise to its full 
value in consequence of self-induction. 

Note. —When the contact is broken, a further phenomenon is that, as 
the condemser and the primary of the Ruhmkorff coil form an oscillating 
system, an oscillating E.M.F. is induced in the secondary, 

Expt. 24D. The Induction Coil.—It is assumed that the induction coil 
is fitted with the ordinary hammer-break. Release the lock-nut on the 
screw carrying the platinum point, and withdraw the screw so that there 
is no contact with the platinum on the hammer-head. Turn the adjusting 
screw T till there is no extra tension on the spring D. Connect the 
terminals of the coil to a suitable battery, introducing a piece of fuse 
wire melting at 10 amperes to prevent an excessive current from damaging 
the coil. With a coil of medium size a battery giving an E.M.F. of about 
8 volts will be suitable. Turn the handle of the commutator into the on 
position. Advance the screw carrying the platinum point till contact 
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take^; place with tlie lminmcr hca<l. Tlio interrupter should conunenco 
to work, aiul when the terminals of the soeondavN' are sot at a small 
distance apart, sj)arks should pass between tlioin. 'J'lie screw' should be 
clamped in this position by means of the lockuuit. Tlie stiffness of tlie 
spring may now be adjusted hy turning the milked head. Occasionally 
tlu' platinum points fuse together and the action ceases. Should this 
hap[)en, momentarily revoi'se the current ; this will often start the 
interrupter working again. If it does not, switch off tlie current and turn 
back the screw can\N'ing the platinum point. After long working tlie 
platinum contacts become pitted and may need polishing with fine emery 
paper, but tliis shoiild never be attempted by the student. 

Determine the maximum length of spark that can be obtained from 
a given setting of the spring. Assuming that the spark length is approxi- 
inatolv proportional to the P.D., and tluit 30,000 volts are recjuired foi 
a spaik 1 cm. long, calculate the E.M.F. induced in the secondary of 

the coil. , 

Connect the coatings of an insulated Leyden jar to the .secondary 

terminals, and examine the character of the spark. 

Examine the discharge through ‘vacuum tubes’ connected to the 
terminals of the coil. With a moderate vacuum, near the positive electrode 
is a long luminous positive colimm, while the negative electrode is suiTOxmded 
by a blue luminous lavci—the negative glow. If po.ssible exhaust a di-scharp 
tube by using a high vacuum pump aiul note carefully the appearance of the 
discharge as the pressure is diminished. 

Cathode Rays.—When a sufficiently high vacuum is obtained, the 
effects just described disappear and the Crookes’s dark space surrounding 
the negative electrode increases in 
size until it reaches the glass walls 
of the tube. When this stage is 
reached the walls exposed to the 
cathode become fluorescent under 
the action of cathode rays proceed¬ 
ing from that electrode. The rays 
themselves arc invisible l)ut cause 



pliosphorescence in various ma¬ 
terials, and in a partial vacuum 
the track of the rays is sometimes 
revealed by the luminescence of gaseous molecules. They travel in 
straight lines from the cathode as shown in the Crookes’s tube in Fig. 
2G6a. The rays are emitted mainly in a direction normal to the 
cathode, and may be concentrated on a particular spot by using a 
saucer-shaped cathode. As was shown by Hertz and by Lenard, they 
can penetrate small thicknesses of matter. 

In Fig. 266b the path of a narrow beam of rays is shown by a phos- 
phorescent streak a on a screen. When a transverse magnetic field is 
applied with the lines of force running into the diagram, the path is 
along 6, and wlien the field is reversed, the path is changed to c. 

Cathode rays are associated with an electric charge (Perrin, 1895), 
and at sufficiently low pressure they are deflected by an electrostatic 


Fio. 2001.—Shadow of MeUI Cross b thrown on 
Wall of Tube by Cathode Kays 
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ficlil. The (‘.\|K-riiiicnls of .1. .1. Thomson in 1S1I7 ^ave ‘ tlic first definite 
proof that the cathode ravs consist of a stream of negatively charged 
particles Juo\ ing at a very higli velocity, and j)osscssing a mass very 



I' lfi. JOGB.—Dinecti..ii of Cathode Hays by a Magnetic Field 


small compared with tliat of the lightest chemical atom ’ (E. Ruther¬ 
ford). 'I’lie moving particles or negative electrons exert mechanical 
pit'ssurc and convey kinetic energy as is shown by the heating effect 
produced when they are concentrated on a target. See also pp. 362-364. 

X-Rays or Rontgen Rays—In an X-ray tube a stream of cathode 
rays falls upon a metal target, or anti-cathode, and a beam of X-rays 
starts fi'oin the region tims bombarded. In an early form of tube^ 
Fig. 20I)C, the cathode was made saucer-shaped so tliat the cathode 
sticam was brought to a focus on the surface of the target. The anode 

was usually placed behind 
the anti - cathode with 
which it was connected, 
its position being chosen 
so as to be outside the 
Crookes dark space. In 
modern tubes the vacuum 
is much higher and a pure 
electron discharge is pro¬ 
duced by the emission of 
electrons from a metallic 
filament heated by an elec¬ 
tric current. 

X-ray 
cence on 

with barium platino-cyan- 
ide, and also photographic 
and electrical effects, producing conductivity in a gas through which 
they pass. The most striking characteristic of the rays is their great 
penetrating power, especially for elements of small atomic weight. 
Tliey are not deflected by a magnetic or an electric field, and it is now 
agreed that X-rays are akin to ultra-violet light, but have very much 
shorter wave-lengths. 

An X-ray bulb should be examined by the student, and its action 
demonstrated to liim by connecting the electrodes to the two terminals 


1 produce fluores- 
a screen coated 
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of ail induction coil. This sliouhl be done with tlic commutator in the 
otT position. Now make only a momentary contact by turning the 
commutator. If that lialf of the bulb which is in front of the anti¬ 
cathode shows green fluorescence tlie commutator has been turned the 
riglit way. The X-rays may then be detected by using a fluorescent 
screen, and their penetrating power illustrated by interposing (say) a 
box of weight.s. The bulb should be run for only short periods and 
great care should be taken not to expose tlie skin unduly to the X-rays. 


THE TRANSFORMER 


A Transformer is an apparatus for producing by means of an electric 
current another of different strength and voltage. The induction coil 
is one instance, but the earliest form is Fara¬ 
day’s Ring Transformer, in which an iron ring 
is provided with two windings as in Fig. 2C7. 

The current in the primary, P, gives rise to 
lines of magnetic induction which form a closed 
magnetic circuit in the iron ring. When the 
strength of the current in the primary is varied, 
an E.M.F. is induced in the secondary, S. 207 .—Thu Transformer 

The magnitude of this E.M.F. depends pri¬ 
marily on the material of the core, and on the relative numbers of 
turns in the primary and the secondary. 

When an alternating current is sent through the primary, an alter¬ 
nating E.M.F. is induced in the secondary. If the number of turns in 
S be greater than the number of turns in P, the voltage at the ends of 
S will be greater than that at the ends of P approximately in the ratio 
of the number of turns. Neglecting energy losses, the current is dimin¬ 
ished in the same ratio as the voltage is increased. This arrangement 
is called a slep-up transformer. The converse of this is the step-down 
transformer, in which the voltage is decreased while the current is 

increased. 



E.xPT 250 The Ring Transformer.—Connect the primary of a ring 
transformer through a commutator to a battery of accumulator m 
series with a rough regulating-resistance and an ammeter. Connect the 
secondary to a ballistic galvanometer (p. 478). Observe the throw oi 
the galvanometer produced by a sudden reversal of the current ui the 

^ Rei^at the observations for different values of the primary current, 
and plot a curve showing the relation between the throw of the galvano¬ 
meter and the strength of this current. 

The throw of the galvanometer is proportional to the quantity of 
electricity passing through it, and this in turn to the change m the magnetic 
flux tlirough the iron ring. The current in the primary is a measure of the 
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iiiaKiiotisinp force producing those magnetic lines. Thus the curve serves 
to iiuhcate the permeability of the iron to lines of magnetic induction, tor 
tUrtereiit values of the magnetising force. 



§ 2. Coil Spinning in a Magnetic Field 

Lot a plane coil of wire spin or rotate with constant angular velocity 

CO about an axle which is at 
right angles to a uniform 
magnetic field of strength H. 
In Fig. 2G8a the axle about 
which the coil spins passes 
^ through O and is perpendicu¬ 
lar to the plane of the paper. 
The coil may be circular or 
rectangular in shape, the 
dotted line through O being 
an axis of sjunmetry through 
its geometrical centre and 
normal to its plane. At any moment this axis makes an angle 0 with 
the direction of the field H, and 6 — col. Note that the aa:i5 of the coil 
is perpendicular to the axle about which the coil rotates. When ^ = 0 

7T StT 

or TT, the flux through the coil is a maximum; when ^ = 2 ~ 2 > 

flux is zero. If A is the area of the face of the coil and n the number 
of turns of wire, the magnetic flux N = nHA cos 0. The electromotive 
force is the rate of decrease of N, and by using the differential calculus 
it is found that 

E.M.F. at any instant = nHAa> sin 0 = E© x sin 0, 

where Eo = 7jHAa», and is the maximum value of the E.M.F. 

An alternative method of dealing with this problem is provided by 
Faraday's conception of E.M.F. being induced 
by a conductor cutting lines of magnetic induction. 

The result also illustrates the important Law of 
Lenz : Whenever there is relative motion be¬ 
tween a circuit and a magnetic field, the current 
induced is such as to produce mechanical forces 
opposing the motion. 

When a coil rotates in a magnetic field, there 
is induced in the coil an E.ftf.F. which is alter- 
yialing in character (Curve I, Fig. 269). With 
a uniform rate of turning, the induced E.M.F. has its maximum 
value w'hen the plane of the coil passes through the plane of the field, 



Fio. 2G8 b.—C ommutator 
for Direct Current 



OH. VIU 


ELECTHOMAGN’ETIC IXDrCTION 


1.*.:} 


ami is zero when the coil is in a position perpendienlar to tlie plane of 
the lines of force. 

Methods of measuring the Induced Current.—An onlinarv galvano¬ 
meter conne(!ted to such a coil would give no deflection if the coil wtue 
rotated always in one direction unless a commutating de\ice wtac 
fitted. In one convenient form of commutator (Fig. 208n) the ends 
of the coil are connected to two halves of a .split cylinder of bra.ss on an 
insulating cylinder mounted on the axle of the coil. Two springs, or 
brushes, fixed to the framework supporting the axle of the coil j)ress 





Fio. 269.—E.M.F., etc., iluc to Sinuniiig Coil or Earth Iniiuctor 

against the split oyliruler at opposite ends of a diameter. As the coil 
rotates, these springs make contact alternately witli the tw’o parts of 
the split cylinder, and arc therefore connected alternately to the two 
terminals of the coil. By suitably arranging the position of these 
brimhesy the position of commutation can be made to correspond with 
the position where the E.M.F. is zero, and thus a rectified or uni¬ 
directional current is sent through the external circuit (the apparatus 
connected to the brushes), and it is produced by the alternating E.M.F. 
generated in the coil (Curve II, Fig. 269). 

Thi.s current, passing through a galvanometer, would produce a 
practically constant deflection, corresponding with the mean value of 
the current; the galvanometer deflection does not follow the variations 
of current, on account of the inertia of the moving system (Curve III, 
Fig. 269). 

In some cases no commutator is fitted to tlie coil, the ends of the 
coil being connected to ‘ slip rings from which the current is taken 
by a pair of brushes, B,, Bg (Fig. 270). When this is the case the coil 
must be used witli a hot-wire milliammeter or millivoltmeter if rotated 
continuously, as it gives alternating current. An alternative method 
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is to use it with a ballistic galvanometer, the deflection of the galvano¬ 
meter being observed when the coil is rotated suddenly through htalf a 

revolution. Starting when the coil is perpendicular 
to the field, it is turned rapidly through half a revolu- 
1 tion, until it is again perpendicular to the field but 

with its faces reversed. The deflection of the galvano- 
p'-HjIj/ H meter produced by this motion is proportional to the 

total number of lines cut by the coil; that is, to the 
^ intensity of the field perpendicular to the face of the 

Fio- 270.— SHp-rlngs . .^. , .f. 

for cou in the initial position. 

Ait« rti.-vtmg Current Earth Inductor (Fig. 271) is an instrument 

illustrating the principles just described. A circular coil is made tc 
rotate about a diameter of the circle in the magnetic field of the earth. 

Expt. 251. Determinatioa of the Angle of Dip by Means of an Earth 
Inductor.— Aa^utning Ote coil fitted with a commiUalor, place the coil of 
tlie earth inductor so that its plane is vertically east and west when in 
‘ commutating position or when the brushes are not in contact with 
cilfiereideol thesplitcylinder. This ensures that the current is commutated 
as it passes through its zero value. 

Connect the brushes to the terminals of a sensitive galvanometer, 
placing in series with the galvanometer a largo adjustable resistance. 



FiC. 271.—The Earth Inductor 


A suspend^-coil galvanometer is most suitable for tliis experiment, as 
le osculations of the moving coil are destroyed very quickly, since it ia 
s or -cu-cuited by the coil of the earth inductor and the series resistance. 
ts oj no use whatever to shunt the galvanometer^ unless a series resistanoo 
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IS also user!, as tlie E.M.F. iiKluoed is a fixetl quantity for a given field 
and speed, atul tlie same current would flow througli the galvanometer 
wliether shunted or not, being driven by the same P.D. Rotate the coil 
at a speed which can be maintained sten<ly for a little while, and adjust 
the resistance until the galvanometer deflection is about half the maxi- 
rnum deflection which can be measured : a convenient rate of rev.)lution 
is from 00 to 80 turns per minute. Endeavour to maintain a steady speed 
while measuring the nite of revolution with the aid of a watch. Place the 
watch so that the seconds hand can be observed \\ ith ease while the coil is 
being rotated. Turn tlte coil at such a rat© that the deflection given by 
the galvanometer is constant, then find the tiino required for 100 
revolutions. 


With a little practice con.si.stent result.s can be obtained. It is desirable 
that the student should practise making tlie.se measurements nlo»c, so as 
to acc]uire facility in making several t.\ pes of obser\ation.s sim\iltaneously. 

Having become accustomed to the method of carrying out the ex¬ 
periment, the following observations shoijid be taken : (1) Find the time 
taken for 100 rov'olutions of the coil, and observe the mean deflection 
produced when the coil is rotating a*bout a vertical axis and the com¬ 
mutator revoises as the plane of the coil is ea.st and we.st. Let the time 
for 100 rev'ohitioiis be and the deflection 8,. Three separate determina¬ 
tions should be ma<le of these qiiantities. (2) Turn the coil so that its 
axis is horizontal, an«l take a similar set of observations when the 
commutator reverses as the coil passes through the liorizontal position. 
If necessary, the direction of rotation of the coil should be opposite to 
tliat in the first case, so a.s to get the deflection in the same direction as 
before. The resistance of the circuit must not be altered at all. Let 
tlie time for 100 revolutions bo L and the deflection be 8j. 

In any single experiment 8 is proportional to tlie induced current, and 
therefore to tlie incluced E,^f.F., since the resistance is maintained con¬ 
stant. The induced E.M.F. is proportional to 

n fField strength perpendicular tol 
t ^ coil in commutating position ‘ * 


whore n is the number of revolutions in time 1. 

Thu.s if H anti V are the horizontal and vertical components of tho 
earth’s field respectively, we have 



8. = k'“V 

and 

8. = K *««V. 
*2 

so that 

V 8,fa 

H's/; 


From tho observations matle, determine the ratio of tho vertical and 
horizontal components of the earth’s field. Tliis ratio is the tangent of 
the angle of dip and hence the angle of dip can be found from tho 
expression 


tan 



8,ft* 


As a check on this result the axis of rotation of the coil is placed in 
various positions in the magnetic meridian and the coil rotated as 
rapidly as possible. In one position no deflection of the galvanometer 
will be observed, however rapidly the coil is rotated. This means that 
the field perpendicular to the plane of the coil in the commutating 
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fjosition is zero, or that tho axis of rotation lies along the angle of dip. 
Measure the inclination of the axis of rotation of the coil to the horizontal 
in this position, and compare it with the result obtained in the above 
experiment. 

Expt. 232. Estimation of the Relative Accuracy of this Type of 
Experiment.—If the coil be rotated so that its plane is pei^endicular to 
the angle of tlip when in the commutating position, the field measured 
when the coil is rotated will be the earth’s total field. The deflection 
obtained when tho coil makes lUO revolutions in t^ seconds iii this 
position, will be given bv 

S,^ = K100T, 

where T is the strength of earth’s total field. 

Now T>-H"+V*, 

therefore (Ss/j)* should bo equal to (Sjf,)’, which can be found 

from the results alreatly obtained. 

Find and (Sjfj)*, and compare their sum with the value of 

obtained in the present experiment. The closeness of their agree¬ 
ment may bo taken as a meastu^ of the relative accuracy of the experi¬ 
ment. 


Notk.—I f n galvanometer of tho su.spended-coil type is used with a 
lamj) and scale, it should be possible to obtain agreement \Wtliin about 
3 or 4 per cent. 


Expt. 233. Ballistic Method of experimenting with the Earth Inductor. 
—Similar expcrirnent.H can be caiTied out witb a ballistic galvanometer 
whether the coil is fitted with a commutator or not, the galvanometer 
being connected to the coil without any additional resistance, and the 
halli.stic swing determined when the coil is rotated through half a revolu¬ 
tion. The deflections of the galvanometer, when the coil is rotated 
tlirough half a revolution, are proportional to the strengths of the field 
pcrj)cndicular to tho coil in the initial positions. 

Thus, starting with the coil plane vertically east and west, the first 
swing of the galvanometer being A,, we have 

Ai oc H. 

\\’ith the coil plane horizontal, the first swing of the galvanometer being 
A 2 , we should have 

A, oc V. 


Hence =tanrf. 

A I xl 

If A, bo the deflection when the coil plane is perpendicular to the angle 
of dip, we should find 


Aj*= Aj*-fA,* approximately. 

^Vhen the axis of the coil is along the lines of force, there will bo no 
deflection on rotating the coil through half a revolution. 


§3. Electromagnetic Machines—Dynamos and Motors 
A dynamo, or a motor, consists of a coil or of a system of coils 
called the armature, so mounted that it can revolve in a magnetic field. 
In the dynamo, the armature is forced to rotate, and a current is taken 
from the machine, the current being produced by the E.M.F. induced 
in the armature due to its motion in the field. In the motor, a current 
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is supplied from an external source, and motion of the armature results 
from the force exerted by the magnetic field on the coils carrying the 
current. In direct-current machines the current is led into, or taken 
away from, the armature coils by means of brushes and a commutator, 
similar in principle to that described on p. 452. 

The law of Faraday and Neumann (p. 444) as to the E.M.F. induced 
in a circuit may be expressed in mathematical form by writing 



where N is the magnetic flux (number of lines of magnetic induction) 
through the circuit. 

Faraday introduced the conception of an E.M.F. being set up in 
a conductor whenever the conductor cuts across lines of magnetic 
induction. It may be shown that this 
E.M.F. is equal to the number of lines 
cut per unit time. In Fig. 272a a wire 
AB slides with uniform velocity v on two 
fixed rails AD and BC at a distance I 
apart. Tlie rails are connected by a sta¬ 
tionary conductor CD. Lines of magTietic 272a.— wue cutting Magnetic 

induction run at right angles into the 

plane of the diagram, and the number of lines per unit area, the flux 

density i.s B. If AB moves from left to right the magnetic flux through 

the area ABCD is decreasing and an E.M.F. is set up round the circuit 

ABCD in a clockwise direction (p. 444). In unit time the wire moves 

from AB to A'B', where AA'=BB'=tJ and the area swept out 

ABB'A' = t7. Since E is equal to the rate of decrease of the magnetic 

flux N, it is clear that _ _ , 

E = Bvl. 

This is true if all the magnitudes are in C.G.S. units ; it is also true 
in practical units, E being in volts, B in webers per sq. metre, I in 
metres, and v in metres per second. The product Bvf is equal to the 
number of magnetic lines cut per second. 



ELECTRIC MOTOR AND ELECTRIC DYNAMO 

Sir Ambrose Fleming, whose pioneer work on thermionic valves is 
described later, has given convenient rules for summarising the actions 
in the electric motor and the electric dynamo. 

When a straight wire carrying a current I is placed at right angles 
to a uniform magnetic field H, it experiences a mechanical force tending 
to move the wire in a direction which is perpendicular both to the 
direction of the current and to the magnetic field. 

The value of the mechanical force on a length I cm. of wire is IHf 
dynes, if I and H are in C.G.S. electromagnetic units. 
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ELECTRIC MOTOR (LEFT-HAND RULE) 

To find the sense of this mechanical force place the forefinger, the 
middle finger and the thumb of the left hand mutually at right 
angles to each other (Fig. 272b). Hold the fore finger so that it 
points in the direction of the magnetic force, and the mIddle finger 
in the direction of the current I; then the thiiMb points in the direction 
of Motion of the conductor. 



FLEMING 


DYNAMO 



FARADAY 


Fio. 272b.—F leming’s Rules (LEFT aod bioht haxd) 


ELECTRIC DYNAMO (RIGHT HAND RULE) 

When a straight wire is made to move so as to cut at right angles 
the lines of force of a uniform magnetic field, an electromotive force is 
set up in the wire, tending to cause an induced current to flow through 
it. To find the direction of this induced current, place the FORE finger 
of the RIGHT HAND SO that it points in the direction of the magnetic 
FORCE, this finger being at right angles to the direction of the middle 
finger and the thumb. Then, when the thuMb points in the direction 
of Motion of the wire, the middle finger is in the direction of the 
Induced current. 

A convenient way of distinguishing between these two rules is to 
associate the name of FLeMing with the Left-hand rule, which applies 
to the electric Motor, and the name of FaRaDaY with the Right-hand 
rule which applies to the electric Dynamo. 

It should be noticed that these rules are based on the laws of the 
electromagnetic field as given by Clerk Maxwell, and are complementary 
to one another. As stated above, they refer to the cojiveTUionaX (positive) 
current and not to the negative elccttonic current. 
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THE DYNAMO {DIRECT CURRENT) 

Tlie magnetic field in which tlie armat\ire rotates may be produced 
either by permanent magnets or by electromagnets. In the former 
case the dynamo is known as a magneto-machine (Fig. 272c), In tlje 
latter case the dynamo itself is used generally to supply' its own excita¬ 
tion current ot field current, the current being 
taken from the armature round tlie field 
coils. Tlie residual magnetism of the field 
magnets is sufficient to start the generation 
of current, and the induced current builds 
up the magnetic field as the speed increases: 
tlie requisite energy is supplied by the driving 
power. If the whole of the current from 272c.—Magncto-maciiinc 

the armature passes through the field coils, the machine is said to be 
series-wound (Fig. 273). If the field coils are connected across the 
brushes so as to be in parallel with the external circuit, it is called a 
shunt-wound machine (Fig. 274). A combination of the two systems is 




Fio. 273.—Series 
Winding 



Fig. 274.—ShuDt 
WiDdiog 



Fio. 275.—Compound 
Winding 


used largely, and is known as compound-winding (Fig. 275); a com¬ 
pound-wound machine is designed to give a steady P.D. in the 
external circuit for widely different loads when the speed is constant. 

For a given field strength the E.M.F. (E.) induced in the armature 
coils is proportional to the speed of revolution, but the P.D. between 
the brushes will not necessarily obey quite the same law. If different 
loads are thrown on the machine, that is if different amounts of current 
are taken from the machine, there will be a variation in the P.D, be¬ 
tween the brushes due to the resistance of the armature. If the resist¬ 
ance of the armature is R, and a current I flows through the armature, 
an amount IR of the induced E.M.F. will be absorbed in driving the 
current through the armature coils, and the P.D. available at the 
brushes will only be 


V = E-IR. 
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THE MOTOR 

Any machine which may be nse<l as a dynamo can be employed 
as a motor by supplying current to it. Thus we have series-wound, 
shunt-wound, and compound-wound motors as well as dynamos. 

The way in which the current in a motor varies is one of the most 
im})(;rtant points to deal with, and most of the phenomena associated 
with motors may be considered in this connection. 

Wlien the armature is rotating, it is a conductor cutting lines of 
force. Tliere is therefore induced in it an E.M.F. (E.) proportional 
to tlie rate of revolution and to the field strength, and this E.M.F. is 
in opposition to the current which causes the motion, or is opposed 
to the applied P.D. (V). The current I flowing through the armature 
is driven by the e.xcess of the applied P.D. over the back E.M.F. 
induced by the motion, and is given by the equation 

^ V-E 
R ’ 

Variation of Current with Speed.—With a constant field, E is pro¬ 
portional to the rate of revolution of the armature ; hence, if the 
speed be diminished, E is diminished and the current increases. 

Variation of Current with Load.—When a bigger load is put on the 
machine, and more mechanical work is done by it, the amount of energy 
supplied to the machine must be increased, so that I must increase if 
the P.D. of supply be constant. 

Variation of Speed with Load.—If the load be increased, I must 
increase as above ; for this to be possible E must diminish according 
to the equation stated above. 

Hence, as the load increases, the speed of the motor will diminish 
provided the field strength is constant, but the power or rate of working 
will be increased in consequence of the increase in I. This is not 
necessiirily the case for compound-wound motors ; in these the field 
coils are generally wound so that increased load causes a diminished 
field, and therefore E diminishes, the current increasing to the required 
amount without alteration of speed. 

Variation of Speed with Excitation for a Given Load.—For a given 
load, V X I must be (approximately) constant, and hence the speed will 
adjust itself till the required current is flowing. If the strength of the 
field in which the armature rotates is increased, the induced E.M.F. 
will increase accordingly for a given speed. Thus, I will reach its 
required value at a lower speed than before, and the motor will run 
sloiver for increased excitation. Reduced excitation will demand a 
higher speed before E reaches the value which reduces I to its required 
magnitude, and thus the motor mus faster for a given power when the 
excitation is reduced. 
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EXPERIMENTS WITH A MAGNETO-DYNAMO 

Expt. 254. Variation of the E.M.F. of a Magneto-dynamo with Speed. 
—Couple tlio armature shaft of a magneto-dynamo to the .sliaft of a 
variable speed motor, and to a speed indicator, by lloxible springs. 
Connect across the brushes of the ilynamo a voltmeter of suitable range, 
and note the voltage indicatetl by the voltmeter at various sj^eeds. 
Draw a curve showing tlie relation between E.M.F. and speed. Since the 
held is produced by a permanent magnet the excitatiot; is constant, and 
the E.M.F. of the machine should be exactly proportional to the .speed. 

Expt. 255. Variation of the Terminal P.D. of a Magneto-dynamo with 
Load at Constant Speed.—Couple the machine with a motor and si)eed 
indicator as in Expt. 254. Connect the brushe.s to an ammeter anil a 
variable resistance in series, and also connect a voltmeter acro.ss the 
bru.shes. Run the machine at a constant sp<*ed, and adjust the variable 
resistance so that different currents are taken from the machine. Note 
corresponding reatlings of the ammeter and the voltmeter. 

Plot a curve showing the variation of terminal P.D. with load 
(current), and deduce the resistance of the armature. 

Note. —The value of the resistance obtained in this way is usually 
rather higher than the true value. The voltage drop across the terminals 
when tlie current is increased i.s not entirely ilue to internal resistance ; 
the field is actually weakened by tlie field produced by the armature current, 
or, us it is called, by the ‘ armature reaction ’. 

Other t\'pes of experiment will suggest themselves, and tlio student 
should consider any special u-se-s for this machine. 

Similar experiments miglit bo performe<l witli dynamos in whicli the 
field is produced by the cuiTcnt generated in the dynamo itself. Since this 
excitation current will vary with the speed, and in the ca.se of a seriis- 
dynamo with the load also, the curves will not bo the same os those obtained 
with a magneto-machine. 


EXPERIMENTS WITH A MAGNETO-MOTOR 

Expt. 256. Variation of the Speed of a Magneto-motor with its applied 
P.D.—Couple the armature shaft to a speed indicator. Connect in series 
with the armature a variable resistance and a battery of cells, and across 
the terminals of the machine connect a voltmeter. Alter the re.sistanco 
in series with the machine and note the readings of the voltmeter and the 
speeil indicator. 

Plot a curve showing the relation between the speed anti the P.D. 
applied between the brushes. 

Expt. 257. Variation of Power, Speed, and Load. Efficiency of a 
Magneto-motor.—Connect the motor to a battery of cells in series with 
an ammeter and a resistance, and also connect a voltmeter across the 
terminals of the machine. Attach to the armature shaft a speed indi¬ 
cator. 

By means of a brake-band operating on a large pulley attached to 
the armature shaft, similar to that described in the determination of tlie 
mechanical equivalent of heat by Callender’s apparatus (p. 313, Fig. 189), 
apply various loads to the motor. 

Take a large number of readings of corresponding values of the 
current, terminal voltage, speed, and braking force. 
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Tho power supt^Iied to the motor is measured hy Iho product of tl.o 
ounvut an«l voltage. If tla'se ar<^ measured in amperes and volts, tho 

nowor is iri\'on in waft^^ ov joiilcs per wcoNf/. ^ ^ i 

The rate at which work is .lone by the motor «« ® 

velocity multiplied by the frictional couple exert«l by the brak^ If the 
difference in tension between the ends of the brake-band is T To d> ., 
and the numbei- of revolutions per second ls n, the work done per second 13 

2Tm . (T - To) R ergs per second. 

where R is the radius of tlie pulley round which the brake-band passes. 
Thi.s must be divided by 10^ to reduce the rate of working to joules per 

Calculate in watts the rate at which work is done by the motor and 
also the rate at which power is supplied. Tho ratio <)f the two gives the 
efficiency of the motor, which can also be calculated irom the expression 

2T m(T - T o)R^ 

* “ I X V X lo’ 

Find tho variation of efficiency with load at constant speed, and 
also find tho variation of efficiency with sped at constant loud. This 
latter variation can best be found by obtaining a series of cuiwes for 
efficiency and load at different (constant) speeds, and deducing the 
variation of efficiency with speed at constant load from these curv’es. 


EXPERIMENT WITH A SHUNT-MOTOR 

Exit. 2.58. Variation of the Speed of a Shunt-motor with Field 
Strength.—Connect the armature of a shunt-motor in series with an 
ammeter Aj and a variable resistance Ri across the terminals of a 
battery, and place in series with the shunt coils a variable resistance Rj 
and an ammeter Aj. Connect a voltmeter across the armature brushy. 

Couple the armature shaft to a speed indicator and note the varia- 
tion.s of .speed of the motor as the shunt current is dimini.shed. Note also 
the reading of tho ammeter A,, when tho re.sistancc Ri is altered so as 
to keep the P.D. acroas the armature brushOxS constant. 

Note that as the shunt current diminishes, the speed increases, and 
that this increase in speed is also associated with an increase of the arma¬ 
ture current. 

Plot curves showing (a) speed variation with shunt current; (b) 
armature current variation with shunt current. 

Note. —On no account must the shunt current be entirely cut off, otherwise the 
motor may accelerate to an unsafe speed and the armature may fly to pieces. 

Experiments similar to those already described may be carried out with 
a compound-wound motor (Fig. 275) only when the motor is furnished with a 
.suitable starter, and special care is taken to avoid unsafe speed of the rotor 
and also ot'erloading of the windings. The motor manufacturer should be 
consulted as to the maximum safe speed and the rating of the windings. 


ALTERNATING CURRENT (A.C.) 

The instantaneous value of the E.M.F. set up in a coil spinning 
steadily in a uniform magnetic field (p. 452) is given by the formula 
e = Eq sin pt, where p is the pulsatance (pp. 124, 177) or angular velocity 
o), and is 27r times the frequency expressed in cycles per second. Eq, 
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the inaxlinuni value or amplitude of the lO.M.F. = and so is 

direetly j)roportioiial to p. The graph for e is a sitie curve as shown 
in Fig. Curve I. 

When the coil is connected to an external circuit hy slip-rings 


(Fig. 270), an alternating current (A.C.) will flow round the circuit, 
and in general this will be rei)resented by a sine curve of tl»e form 
t=Io sin {pi - a), where i is the instantaneous value of the current, Iq 
is the maximum value, and the angle a is the phase difference. This 
angle, sometimes expressed as a fraction of a period or as a time 
interval, occurs in the formula because in general the current i does 
not assume its maximum value at the same instant as the E.M.F. 


Virtual or Root Mean Square Value of Current or E.M.F.—An 
alternating current may be measured by using a hot-wire ammeter, in 
wliich a fine wire expands in consequence of tlie heating effect of the 
current, and the instrument indicates the expansion produced. The 
heating effect in a wire of given resistance is proportional to the square 
of the current, and so the average value of i- in the A.C. circuit must 
be equal to the actual value of in the equivalent D.C. circuit. The 
current I may be called the virtual value or the effective value, for it is 
the direct current wliich is equivalent in heating effect to the alternating 
current. It can be sho^vn that this virtual current I is equal to the 
square root of the average value of t", and it may be called the root 
mean square (R.M.S.) current. Tliis result depends on the mathemati¬ 
cal theorem that the average value of sin^d taken over a complete 
cycle is 1/2, and it follows that I = Io/\/2'=0-707 lo, where Iq is the 
maximum value of the current. 

Similarly the virtual or R.M.S. value of an E.M.F. is given by 
E = Eo/V2=0-707Eo, where Eq is the maximum value of the voltage. 
Unless otherwise stated, the values quoted for current or E.M.F. are 
always R.M.S. values. For example in 200 volt A.C. mains the R.M.S. 
value is 200 volts, and the maximum value is 200V2 or 282 volts. 

Impedance and Reactance .—In dealing with D.C., Ohm’s Law may 
be used in the simple form I=V/R. For A.C. the corresponding rela¬ 
tion is I = V/Z, where in place of a pure resistance R we must substitute 
a more complicated quantity, kno^vn as the impedance, Z. Thus the 
impedance is the ratio of the R.M.S. value of the voltage applied to 
an electric circuit to the R.M.S. current flo^ving in the circuit. The 


impedance is given by 




where 





L being tlie inductance and C the capacitance. These expressions 
hold when R, L, and C are connected in series. 
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Ttio quantity X is known as tl.o reactance of the A.C. circuit, and 

niav ho doscrilied as tlie component of the impedance which is due to 

inductance arid capacHance. The magnitudes Z R, and X be 

treated as vectors and represented by the 

sides of a right-angled triangle, the im¬ 
pedance triangle, having Z as the hy¬ 
potenuse. The angle between R and Z 
is the phase angle a in the equation i = 
lo sin {pt - a) where lo = Eo/Z. The value 
of this angle is given by 



O 

c 

u 

0 ) 

QC 


X hp-llCp 

tana = j^=- ^ 


The phase difference a between the 
K M F and the current indicates that these are (in general) out of step 
with one another by an amount depending on the relative values of 
R Lp and l/Cp, all of wliich may be expressed in ohms. When the 
inductive reactance hp is greater than the capacitive reactance l/Cp, 
the current is said to lag behind the voltage, and when hp is less 
than 1/Cp the current leads in advance of the voltage.^ When the 
value of p is such that Lp = l/C>. the angle a = 0 and the current and 
voltage come into phase with one another. The circuit behaves as a 
non-inductive resistance of value R, and is then said to be in electrical 
resonance with the supply. This may be iUustrated by ‘ tuning ’ in 
radio circuits. 


EXPERIMENTS WITH ALTERNATING CURRENTS 

In an elementary physical laboratory experiments on A.C. are re- 
stricted by the cost of ajiparatus and the low frequency of supply 
mains. In Great Britain the usual mains frequency is 50 cycles per 
second (50-^, or 50 c/s) so that the pulsatance is 27t xoO or IOOtt, which 

may be taken as 314 approximately. 

Resistances.—Many of the adjustable resistances in ordinary use 
produce a considerable magnetic field when D.C. is flowing so that they 
combine resistance and inductance. A non-inductive coil is designed so 
that the self-inductance is almost negligible. As shown in Fig. 254 this 
is done by doubling the insulated wire on itself and winding it round 
a bobbin. When properly constructed this approximates, for moder¬ 
ately low frequencies, to a pure resistance, represented by 

-- 

* A trading curront {which reaches its maximum sooner than the voltage) can only occur 
provided a mifficicnt number of cycles have been completed. This explains a difficulty often felt 
_it 19 not tie future voltage which determines the current, but the present and poet voltage. 
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Inductors.—Those are coils desi^neil so that they ha\e small 

resistance hut large self-inductaiue. An inductor {soinetiiues calleil a 
‘ choking-coil ') is represented hy 

— — 

For high inductance an air-cored coil must he of large dimensions aiul 
have many turns. Large coils made by the Hrm of ^V. CJ. Pye, 
Ltd., Granta Works, Cambridge, are useful for experiments on mutual 
and self-induction. The self-inductance of such a coil may bo of the 
order of 01 henry. Iron-cored coils are of much smaller si7.e, hut have 
the di.sadvantage for the present purpose that the inductance varies 
with the current. An air-cored coil having an inductance of 1 henry 
has a constant reactance (Lp) of 314 ohms at 50 c/s. 

Condensers.—The capacitance of an air condenser is usually very 
small, and mica condensei-s of large capacitance arc expensive. For 
many purposes paraffin paper condensers can be employed. To avoid 
danger due to breakdown at a weak spot a fuse should he used in the 
circuit. A capacitor for which C is 1 microfarad (l^xF) would have a 
capacitive reactance (1/Cp) of approximately 3180 ohms at 50 c/s. A 
l)int-sizc Leyden jar of English flint glass has usually a capacitance of 
about 0*0015 /xF, and the gallon size about 0*003 /xF, and these will 
stand a high potential difference. 

These values are, however, much too 
small for experiments at mains fre¬ 
quency. 

It is often convenient to assume 
that the actual circuit is replaced hy 
an equivalent circuit (Fig. 275w) made 
up of pure resistance (R), pure induc¬ 
tance (L), and capacitance (C) in series. 

A.C. Source.—^The voltage of the 
mains, usually from 200 to 250 volts, is too higli for most simple ex¬ 
periments. To secure a voltage of a few volts two raetliods are 
possible- (1) the use of a step-down transformer (p. 451), (2) the 
use of a potential divider (p. 407). The use of a well-insulated trans¬ 
former is to be preferred. 

Transformers giving any desired output voltage and current can 
readily be obtained. The ‘ bell-ringer * type of transformer is useful 
where low voltage (3, or 8 volts) and small current (less than 1 amp ) 
are required. The firm of Meccano Limited, Liverpool 13, supply (with 
instructions) various transformers giving for example 3*5 or 9 volts. 
12 volts and 3*5 or 20 volts. The ‘ Variac ’ transformer, of which there 
are sev4al types, gives a continuously variable voltage over a wide 
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,„„go. It has, however, the disadvantage tl,at there is direct con- 
nectinn hetween tlic output terminals and the mains. 

Exrr. 2aSA. Reactance of an Air-Cored CoU.-(i) '> ■» 
fl„. fii-st i)lac-<- to verify tho relation between the alternating l.U. (V) 
an,I the efurrent (1) in a pure resistance of known value (R). tor tl„s 
purpose an A.C. voltmeter, of as liigh resistance os possible reading to 
5-, volts and an A.C. ammeter reading to 1 amp. are suitable. A 
non-inductive resistance of 25 oluns. which 

a current of 1 amp. is connected, in senes with the ammeter to t e 
secondary of a transformer giving various voltages up to volU. li e 
voltmeter is connected directly to the two ends of 

varied and a series of readings of V and I (not too small) m^e. Verify 
that V/I is constant and ecjual to R. Tho e.\periinent may be 
for other values of R. This verifies the relation V = R1 m tho absence 
of reactance, and also indicates the order of accuracy to be expected in 

bub.-,ccpimt^expen inductive reactance X, the quotient V/I is 

no longer equal to the resistance R. but to the impeclance Z of the 
circuit, where Z» = R* + X». In tho absence of magnetic materials X 
and Z are constants at a given frequency, but vary when the frequency 

'^MonUire the resistance R, of a large air-cored cpil, which should be 
capable of carrying a current of 1 amp., by rncar^ of \\ he^tstone bnclge. 
Roiilace tho resistance of the previous experiment by the coil, in 
rockoiunc tlic voltage which may safely be applied^ begin by assuming 
that tho reactance is negligible; the impedance of the coil would then 
bo equal to R, and tho current would not exceed 1 amp. if V were made 
numerically equal to R,. It will now be found that the voltage may be 
increased considerably, if a suitable coil is used, without exceeding a 
current of 1 amp. Observe several corresponding values of V and 1 
os in (i) and show that the value of V/I is con-stant. This cormtant is 
tho impedance of the coil at the maiius frequency (/= r»0 c/s). Calculate 
the value of the reactance X from the relation Zt* = R«*+X*. De¬ 
termine also the inductance of the coil, remembering that 

X = Lp = 2irLf. 

Note that if is relatively largo the value of X determined by this 
method is liable to large errors, since it involves the small difference of 

two large quantities. A Pye coil, of 
the larger size, is convenient for this 
experiment; a suitable range for the 
transformer and voltmeter is then 50 
volts. 

(iii) Repeat experiment (ii) with 
a pure resistance R, connected in 
series \vith the coil, using a value of 
the external resistance roughly equal 
to the coil impedance and arranging 
the voltmeter to read the total voltage 
across the two components. In this 
way determine the impedance of the 
combination. Using the value of X* 
already found, show that the impe¬ 
dance is now equal to y'(R*-{-X*) where R is the total resistance R,-|-R,. 
Draw a vector diagram to scale rejiresenting the impedance of the coil 
and of the combination (Fig. 275c). 



FlQ. 275c.—A.C. Vector Diagram 
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(i\ ) Ap|>lv a to tlie coil, tlje cxtenml i< 

con I bioat ion in t iii’n, as sluiwn at \’ ,. \\ and \ , am I •'lu>u‘ t liat \ 
A( A( Xoticc that \', \ l)nl that \’ is tin- 

sum «>f \’| and \ ... Note also 
tluit llic ])hasc anjilc la-t wcan 
\', and the anjjli* betwc-iMi 
A(' |)Vt)dn(;ed and or tlio 

anjzlc C’Ali, dilTcrs from 1»0° 
because <)f tht‘ inherent resist¬ 
ance of the coil. 


and 
\’ 


t he 

: V' 


1 • 

* \ rrlor 


A.C. Circuit having 
Capacitance 



Fig. 273i>,—Circuit Dhiijraiu for In^UicHvc 

Itvuctaiivf 


jiJoTK.—It nnist be remem¬ 
bered that the secondary \vin<ling . . 

of a transformer is a .sourceof E.M.F. with an internal impedance consisting 
of an inducUincc with a very low resistance, if a condenser is conneetetl 
to the transforimir it is possible that the negative i*eactanco of the condenser 
mav neutralise the positive reactance of the trnn.sforin(a* giving a circuit 
which is resonant, having a total impedance equal to tho resistamre ‘{f th© 
transformer winding. In this event <langerously largo currents will bo 
produced. To prevent this an external resistance of suitable mugiiitudo 
should be connected in series with the condeiLser. 

Suppose that a jjiire resistance of, say, 300 ohms connected in 
series with a condenser of capaeitance 10 is subject to an alternating 
voltage at 50 c/s. The capacitive reactance X is 31H ohms and the 
impedance Z is 437 ohms. Thus an applied potential of 40 volts woidd 
give a current of the order of 100 luA. Tlie student sliould verify 

these statements. 

Exi't *>.'>83. Reactance of a Condenser.—Connect one or more re- 

aistaiices'of 100 ohms in series with a capacitor of nommal capacitance 

of about 10 ^F. Radio rcsislom 



Fia. 275 k.—C ircuit Dlafiram for Capacitive 

Rcactaucc 


capable of dissipating 1 or 2 
watts arc suitable, but tlie actual 
values of the resistance should 
be measured on a W heatstone 
bridge. Calculate the maximum 
permissible current and adjust 
the conditions of the experiment, 
with regard to the applied voltage 
and meter ranges, accordingly. 

Connect to the source of 
supply at 50 c/s, measure V 
and I. and calculate tho imped- 


ance Z of the combination. From this value of Z and the known 
value of R calculate tlie capacitive reactance of tho condenser, and 

the RD. (V.) acro.ss tlie condenser and that (V,) across 
Measure also tne r.i^. \ i ^ V.*+This assumes that the 

eond" b?h"s ^pure capacitor, V. and V. differing in phase 

by 90°. 

Frequency of Alternating Current.-The normal supply of A.C m 
Great Britain is maintained very accurately at 50 c/s and so lies within 
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tilt' ran^e (ff audio frcipicnfies (from about 30 to 30,000 c/s). A note 
haviTi^'a pitch coiTc.spon<iin«i to the frefiuency 50 c/s may he heard in 
a tele].l.(*ne receiver by usin^ tl>o transformer j.rinciiile. The phone 
is c-onnected to a coil of several turns of fine wire wound round one 
cud of an iron rod or a bundle of iron wires. The other end of the 
rod is wound with a coil of thicker wire connected to the A.C. supply 


mains through a lamp resistance (p. 490). 

An alternating current may be used to maintain forced vibrations 
in a solid vibrator, which may be cither a steel tuning fork or an iron 
rod clamped at some point of its length. The effect is most marked 
when there is approximate agreement between the free frequency of 
the vibrator and that of the A.C. supply. This provides one way of 
determining frequency by a inetliod due to Melde. 

Melde’s Experiment.—A string stretclied between two points A and 
H (Fig. 124) and set in transverse vibration may vibrate as a whole, 
the ends being nodes and the central part an anti-node. But it is also 
I)ossible for stationary vibrations of the type shown in Fig. 114 to 
take place, the string vibrating in segments or parts, and then the 
term partial is used to describe the vibration of the segments. In 
MeUle's exiieriinent the string is set in resonant vibration by a succession 
of impulses having the same frequency of one of its partials, or modes 
of vibration. This is done by attaching one end of the horizontal 
.string to the vibrator, the other end passing over a smooth pulley and 
sujiporting a known load M gm. so that the string is stretched by a 

tension T or Mg dynes as in Fig. 126. _ 

The velocity of propagation of a wave along a string is VT/m, 
w’hcre ?« is the mass of unit length of tlie string (p. 180). If d is the 
di.stance between consecutive nodes, the wave-length A is 2d. This is 
the distance travelled by the wave in a complete cycle. Hence the 
period of vibration is 2djVTfni and the vibration frequency, n, which 
is tlie reciprocal of the period is given by 

1 /T^ 1_ 

2d\/ m 2d\l m 


In resonant vibration this frequency is the same as that of the driving 
vibrator provided the driving point vibrates at right angles to the 
direction of the string. 


Expt. 258C.—Frequency of A.C. Supply by Melde’s Method.—The 
vibrator drawn to 1 size in Fig. 275 f was designed in the Royal Techni¬ 
cal College, Glasgow. The rod of steel (No. 16 S.W.G.) is about 23 cm. 
long and is clamped near its middle point. This €dlow8 a certain amount 
of ^justment for tuning. The coil of No. 24 double cotton-covered 
wire is w’ound on a former about 7-6 cm. long and 6 cm. diameter with 
an axial liolc about 1 -5 enu in diameter. The thread attached to the 
end of the rod may be parti-coloured, or may be either black or white 
with a contrasting background. 
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'I'ho coil i?; sii])pli('<| wiili A.C. from tho mains tiironch a carbon 
filamcnl lamp ns a resistance or from a transformer, and tlie rod is thus 
majznetised lonpitndinally, first in one direction and then in tiie otlier. 
A ptMitianent horse-shoe ma<»not near tlie ei^<l of tho coil produces 
oscillations by ijiteracting with the magnetised ro<l, the necessary energy 
being <l<“ri\-ecl from the electric suj)pl\-. 

Adjust the apjtaratus so as to give resonant \ibrations, first by 
altering the position of tho rod in its clamp, atnl secon<lly by altering 



:27jr.—Electric Vibrator for Mi-I<lt:'s Kxiieritiicnt 


tho load on tho far end of the string. Tho sccomi adjustment is matl© 
so as to gi\-o well-defincrl segments on the string. Then inoasnre tho 
♦ listanco bctweeji two nodes near the two ends of tho string, and deduce 
</ the inter-nodal rlistance. Find m, the mass per unit length of tho 
string, by weighing a known length, and calculate tho vahio of the 
fre(|uency n by means of the formula above. Repeat the determination 
for several values of d by using dift'erent loads. 

Although tliis method of finding the frccjuency is not at all accurate, 
the experiment is very instructive and should be carriefl out ns carefully 
as pos.sible. The differcnco between tho caletilatcd frequency and the 
km)wn frecpiency of tho A.C. supply should bo clearly stated, and the 
aourccji of error considered. 
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COMrAUlSON OF OArAflTTES 


Methohs for the Comparison of Capacities 

The capacity or capacitance of a comlenser may l.e <lofinccl as the 
quantity of cloctricity reciuircd to increase the potential ditference 
lletween the eon.lnetors hy unity. The name capacitor is sometimes 

civen to a condenser. i i e 

Tlie capacity of a condenser i.s one farad when one ooulomti of 

electricity is rc(|nired to chaiifrc tiie P-D. between the plates by one 

volt. One microfarad = If^"’’farad = It)'*'* FAI.U. 

Wlien two condensers arc charged to the same potential, the 
quantities of eleetricitv on the condenser.s arc proportional to their 
capacities. If, therefore, we discharge two such condensers separately 
througli a ballistic galvanometer, observations of the first throws 
produced will enable us to compare the capacities of the two condensers. 

P'npt. 2r)(). Comparison of Capacities—Ballistic Galvanometer Method. 

_C'ounoct a sccondarv cell to a condenser by means of a two-way key, 

so Hint in one pr.sitif.h of the key the coll i.s connected to the toiininaLs 
nf tli(‘ condenser. Coniu*ot a galvanometer to the comlenser and key, 
so that ill the other po.sition of tl.e key the galvanometer is connected 

acro.s.s the condenser terminals and the cell is 
I Celt on open circuit. Special ‘condenser keys or 

■II—---^ ‘ di.scharging ’ kev.s are supplied for this pur- 

pose, hut any quick-acting two-way switch 
will servo satisfactorily, provided it is insu¬ 
lated well. Sometimes two tapping keys 
are used. Make the conn€>ctions as in Fig. 
270. 

The sudden deflection produced when the 
key is switchc<l quickly over from position I 
to position II should be observed. The con- 
ilen.sor is then removed, the second condenser 
being put in its place, and the experiment 
repeated. 

The ratio of the two deflections may bo 
taken as the ratio of the capacities of the 
two conflcnsers. the ticflections hiung proportional to the quantities of 
cici-tricity discharged roviiKl the galvanninetiM', to witliin the limits of 
accurac_\' of experiment. 

'I he eondi'nsem must he changed over rapidly, in case the E.M.F. of 
the cell shoukl change. For tliis reason tu-o similar two-way keys may be 
used, or a double discharging key. The connections would then be as 
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Position I 


Condenser 


Position 11 
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shown ill Fig. 277. Only one key should be used et a time, the ollu'r key 
not being loft in contact with either side if this be possible. 

It is often possible to facilitate experiments on ciineiit electricity by 
the use of additional keys, etc., in this way. 

The comparison of ca¬ 
pacities may be made by 
charging instead of discharg¬ 
ing each condenser. For 
this purpose the galvano¬ 
meter is connected between 
the condenser and the key 
in Fig. 276. 

Expt. 260. Comparison 
of Capacities by Wheat¬ 
stone’s Bridge Method.— 

The capacities to be com¬ 
pared must be connected 
with a pair of re.si.stances, 
a galvanometer, a battery 
and a two-way key, a.s in 
Fig. 278. Kio. 277 .—Comiiarl:»on of ('opacities 

Adjust tho resistances 

K, and K* until, on switching the two-way key across m either direction, 
there is no deflection of the galvanometer. Then 



Cj_R, 

c* k; 

For the absence of any deflection means that thcro is never any <hffer- 
enco of potential between C and D. and no current ever flows tbrough the 
galvanometer. If this is so, the condemser Ci mtist bo charged up entirely 

througli the resistance K,. and 
C C, entirely througli Rj, and they 

must reach their final potentials 
Cl V R simultaneouslj'. 

Now the rate at which the 
condensers are charged up 
through these respective resist- 
(./ )g / 1 ances will bo proportional to 

the reciprocals of the resistances, 
jr and the charges Q| and Qj 

R gained in ecpial times will bo pro- 

C ’ portional to 1/Ri and l/Rj. But 

* the condensers reach the same 

D final potential together, hence 

Q, and Q, are proportional to 
Cl and Cj, or— 

\^ C* Ri 

,, . If either condenser is charged 

Fio. 278 .-W>icatstonc S Bridge Method before the other, a little 

current will flow through the galvanometer towards tho condenser which 
harnot vet obtained its full charge, and hence if the resistances are not 
o.Tjustcd suitably tliere will bo a slislbt deflection of the galvanometer 

Oil© wav or tho other* . . , 

>Tf,TF_This method, although a null method, does not possess any 

great se^itiveneJ^ The only quantity of electricity which flows through 


Fio. 278.—Wlicatstonc’s Bridge Method 
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tho ™lv..nnm,.tor n s.nnil part of the .lifference of the eharp on the 
.■on.l'rn'ici-s wh»Mi oiio (if Hiem has acquired ‘‘s fuU charge. The charges 
tlinn^elvcs mo in goiiora! not large, and would bo in.suffi^ent to cause 
Mu.re tban a n.easmablo deflection on the galvanometer. The deflection 
Iniduc'.i bv part of tlic small difference between the two charges, is there- 
f.iro vorv sniall indeed, and the ndju.strnent of the resistances can be 
varied usuallv over a wide range, without causing 

flection of the galvanometer. The method is most sensitive if R, and R, 
are considerable and the galvanometer Is of low resistance, but it is unsatis- 

factorv unlcs-s tho condensers to be compared are large. 

% 

Fxit “’(il Comparison of Capacities — Method of Mixtures.—Con¬ 
nect III) an 8-volt cell in series with two large adjustable resistances 
'■ (1000 to 10,000 olims). Arrange 

tho conden-sers to be compared 
so that they can first be con¬ 
nected across these resistances, 
can then be disconnected, their 
charges mixed, and the residue 
discharged through a galvano¬ 
meter. 

The method by which this is 
done is indicated in Fig. 279. 

When the double throw-over 
switch is put over so that A is 
connected to C and B to D, the 
condensers Cj and C 2 are charged 
to potentials equal to those be¬ 
tween the ends of the resistances 
Rj and Rj respectively. 

If these are indicated by V| 
and Vj, the charges on the con¬ 
densers will be CiVj and CjVj 
respectively. 

On switching over so that A 
and B are connected to E and F 
respectively, the positive charge 
on Cl is mixed with the negative 
charge on C, through the wire PRQ, while the negative charge on C* 
is mixed with tho positive on Cj through the switch. The pairs of plates 
aio connected siinultancou.sly together through tho galvanometer, and any 
residual charge after mixing is discharged through the galvanometer. By 
suitably ndjiusting R, and R^ the residual charge can be reduced to zero, 
and no deflection will be produced in the galvanometer. 

When this is the ciuse, 

C.v.^c^v,, 

but \'i and Vj are proportional to Rj and Rj. 

Tims CiRi = CtR,, 

C,_R, 

C* R,‘ 

This method being a null method is preferable to the method using a 
ballistic galvanometer (Expt. 2.50). It is also much more sensitive than the 
Wheatstone's bridge method, and can be used for quite small capacities. 

A liigh-resistance galvanometer of great sensitiveness is the most 
suitable typo of galvanometer to use for this experiment. 
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§ I. TaNOENT (iALVANOMETERS 


Single Coil Tangent Galvanometer—The simple type of tangent 
galvanometer has already been described on p. 382. It consi.stcd of 
a vertical coil of wire placed with its axis east and west, carrying at 
the centre of the coil a raagnetoractcr box for measuring the inten.sity 
of the field due to the current I in the coil. I is measured in C.G.8. 
electromagnetic units. This unit is 10 times the practical unit, the 


ampere. 

If F be the strength of the field at the centre of the coil, 

F = dyne per unit pole, 

where n =the number of turns in the coil, 

and r = the radius of the coil in centimetres. 

If the needle be dcficcted through an angle 6° from the meridian 
as in Fig. 205, p. 338, we have also F = H tan 6. 


Hence 


27rnl TT j. Q 

-=»H tan By 


or 


1 = 


rH tan 6 
'Ittu 


The simple tyjte of tangent galvanometer is usually constructed 
with one, two, or three coils, all wound on the same framework. These 
coils Itave different numbers of turns, and slightly different radii.^ 
By use of one or other of these coils the galvanometer may be made 
suitable for measuring currents of two or three different orders of 
magnitude, in other words its ‘ sensitivity ’ may be varied. 

Thus if the three coils have respectively 1, 10, and 100 turns and 
a current of 1 ampere gives a deflection of 45® when flowing in the 
single turn, that coil will be suitable for use in the measurement of 
currents from about 0-3 to 3 amperes. The coil with ten turns could 
be used conveniently for currents ranging from 0 03 to 0-3 ampere. 
This smaller current circulates ten times and therefore produces the 


« If the number of turns cannot be coonted, and the diameter of the coil cannot be mea-sured, 
these Quantities arc, or should be, marked on the base of the instrument by the maker. 
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saiiK' olTert as a cnrront of ten times its magnitude, flowing in the 
single turn. In ll.e same way the coil with 100 turns would be suitable 
foiMlie measurement of currents from 0 003 to 0-03 ampere. 

General Case.—When tlie galvanometer is not of this simple type, 
the ecpiation for the current can be written in the form 

I = tan 6, 

It 


an ofiuation whic h holds good for all types of .suspended needle galvano¬ 
meters, liowever constructed, provided tlie needle is parallel to the 
plane of tlie coil when in its mean position. In this expression H is 
tlie strengtii of field acting on the needle due to any control magnet 
and the earth, while G is the strength of field due to the coil when unit 

current passes through tlie coil. 

The Helmholtz Galvanometer.—A special type of tangent galvano¬ 
meter was devised indciicndently by Gaugain and von Helmholtz. In 



Fco. 280.—HelrohciUz Onlvnnomcter 


this instrument there are two coils so arranged that their distance 
ajiart is equal to the radius of either coil. 

The magnetometer box is placed midway between the two coils. 
This arrangement produces a more uniform magnetic field than a 
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^ 5 in^le coil. Tlie axis of the coils is placed cast and west. The instru¬ 
ment is used in exactly the same way as tliC simple type of tangent 
galvanometer. 

The galvanometer constant G, occurring in the eejuation 

I tan 6, 

is given hy 8-99X/r for 1 in absolute units, N being the number of 
turns in one coil, and r the radius of the coil in centimetres. 

The magnetic force at a point on the axis of a circular coil of radius 

r, at a distance .r from the centre, is h = gahano- 

meter .r = .\r, and two coils are used. From this the above value of 
G can be deduced. 


ABSOLUTE MEASUREMENT OF CURRENT 

The absolute value of tlie current I corresponding with any de¬ 
flection 6 of a galvanometer needle, can he found from the equation 

I = g tan 0, 

provided H is known and tlie quantity G can be calculated from the 
dimensions and arrangement of the galvanometer coil or coils. If, 
however, the number of turns in the coil be large, their position cannot 
I.e determined accurately, nor can their effect on the needle be calcu- 
latcfl exactly. To obtain a very sensitive type of galvanometer, the 
number of turns has to be made so large that accurate calculation of 

G is no longer feasible. 

It is nos.sibIe to use sen.sitive types of galvanometers for the absolute 
mea.sure of currents of very small magnitude, but a description of the 

methods of doing so is beyond our .scope. , • , „ 

Theoreticallv there is no upper limit to the currents for winch a tangent 
galvanometer can be made .suitable. The sensitivity o a sj^gle-tum 
cnlvnnometer can be reduced, either by increasing the radius of the coil, 
or bv using the magnetometer box displaced along the ax«s- 
case there is a quite accurate expression obtainable for the held at the 
centre, nntl hence very large currents could be measured with a tangent 
gulvanoinetcr of suitable construction. 


§ 2. Sensitive Types of Suspended Needle Galvanometers 

SENSITIVITY OF A GALVANOMETER OF THE SUSPENDED 

NEEDLE TYPE 

The sensitivity of a galvanometer may be expressed as the relation 
between its deflection 6 and the current I. If 0/1 be large, the galvano¬ 
meter gives a considerable deflection 0 for a small current I. 
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Now I i. i.roportio.ial to tan 6 it. all forma of suspended needle 

ualvaT.ometer, piovided the necllo lies in the plane of the cod when 

no cnirfiit is flowinji. Hence 0/1 is not constant. 

We may, however, take tan 0/1 as a measure of the sensitiveness 

of the galvanometer, aiiproximately, for small deflections ; or 

. tan 

Sensitivity Zl' -j— ~ 

If we wish to iiieroase the sensitivity of the galvanometer, we must 
therefore increase the ratio of G to H or increase the effect of the 
field 0 in some way whicli does not increase the effect of H, or el.se 
diminish tlic efiect of H witliout altering the effect of G. The methods 
of increasing tiie sensitivity may be grouped under the following 

heads ;— 

1. Use of an astatic combination for the galvanometer needle. 

2. Decrease in the value of the controlling field H. 

Increase in the actual value of G. 

The Principle of the Astatic Combination.—An astatic galvanometer hn.s a 
cominmnd magnetic svstem suspended in place of the simple needle used 

in the tangent galvanometer. In its 
simplest form the siwpended system con¬ 
sists of two light needles fitted in a rigid 
framework with their magnetic axes in 
opposite directions. 

The two necilles are magnetised al¬ 
most equally and are mountetl one inside 
the coil and the other outside. 

Effect of the Controlling Field on an Astatic 
Combination.—If the magnetic moment.s 
of the needles be Mi and Mj, the effect of 
the controlling field is proportional to 
HfMi-Mj), since the controlling field is practically uniform, and tho 
needles are magnetically oppo.setl. 

Effect of the Field due to the Current on an Astatic Combination.—By placing 
tlie needle.s one inside and the other outside the coils, they are in two part.s 
of tho coil field which are in opposite directions, and as the needles are also 
opposed the couples exerted on the two needles are in the same sense. The 
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acting.- 

M.. is not nearly equal to G the strength of the field inside the coil. 

The sensitivity of an instrument of this type is thus greater than that 

of a single needle instrument with similar coils, by a factor (roughly), 

so that with nearly equal needles an astatic galvanometer may be ex¬ 
tremely sensitive. 

If M, o!id M. are too closely equal, the instrument becomes unstable, 
an<l tliorefore cure must be taken to avoid this. 

An instrument using a needle of this typo is not ahs-olufe on account 

of tho unknown value of It cannot be relietl upon to give 

consistent deflections for the same current from day to day, as a slight 
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cliaii^o in M, or Mj hits a largo oiyoct on tlic (liatoininaliir of tliis fa<-tor, 
and consiHjuentI\' on tho sonsit i\ *-nfs.s. 

The Control Magnet.—Frotju«“nt ly a oont ro| inagiu-f is fit t (>< I al)ov<* f lu' (a)!! 
of a galvaiKJiia'lor : t ln> lioigld of tin* inagnot alxix o tiu‘ coil can )><■ adjnstcd, 
and th(! magnet can al.so he rotated al>ont a \erticid axis. 

Tlie needle of the gal\-anon^c-ter is tlien uialer a r<>.ultant II. liuo 

to till! field of this magnet ami the fii-M of tlie i-arth combined, 'I'lie value 
of H is thus adjustable over a wide range. For gieat sensiti\ ity the magnet 
is adjusted until its field almost completely o\ereomes tlie earth's field. 
If, on the other haml, the galvanometer is retiuireil to be insensitix-e, a.s 
when determining its resistance b\’ Thomson's method, the rnagni-t is 
brought down close to the needle anti its field arranged so as to assist the 
earth’s field. H then being very great, A weak control field cau.ses a vtay 
slow swing of the needle, a stronger field cau.sing a correspomlingly tgiicker 
swing, hence for great sensitiveness the magnet nnist be adjustctl to givt> 
a very slow swing to the needle; the scnsitivene.ss is proportional to the 
square of the period of swing. 

A great aiivuntage of the use of the control magnet is that the con¬ 
trolling field can be directed as desired, by turning tlio control magnet, 
or any permanent deflection duo to a steady current can be coneeteil hy 
rotation of the magnet. 

Method of obtaiaing an Increase in the Galvanometer Constant G.—To incn*aso 
the field due to unit current it is necessary to use a coil of small radius r 
and with a large number of turns m Tliese requirements are to a certain 
extent antagonistic, the radius of the outside turns increases as the number 
of turns is increased, and there is a limit to the extent to which )i may be 
tisefulli/ increased. 

SIMPLE TYPE OF ASTATIC GALVANOMETER 

In the simple type of astatic galvanometer the coils are wound flat so 
that fairly long needles can be used : the flattening of the coil is eqiuyalenf. 
to a reduction of the radius and makes for incrcaseil sensitiveness ; althougli 

if the coil is flattened, G cannot bo calculated. 

This type of galvanometer is used chiefly to detect minute current.s in 

rough experiments with Wheatstone’s bridge. 

A tiseful exerci.se is to calibrate a galvanometer of this type using a 
9-volt cell and a resistance box adju.stable to 10,000 ohms, (.'alculate flu* 
Jurrent, assuming the cell to give 2 volts, and plot cur\’es giving the 
variation of I with 0 and of I with tan 0. 

By combining an Astatic Magnetic System with a control magnet, 
galvanometers of great sensitiveness can be made. Sometimes the two 
parts of the Astatic System are placed in separate coils one above the 
other, wound oppositely so as to give couples in the same sense acting 
on each of the needles. 

The Figure of Merit of a galvanometer U usually determined by the current 
in amperes required to give a deflection of 1 mm. on a scale at a distance of 1 moti-e, 
when a lamp and scale method is used for measuring tlio deflection. 


high and low RESISTANCE GALVANOMETERS 

A galvanometer may bo made with o largo constant C., by the use of 
fine wire in winding the coils. This entails great resistance, but that is no 
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,l,s.ulv„„tnpo for ^v„^k wl,..,-.. n .U-nnito Muantity of elartncity to be 

Mx-asun-.l l)v (Uscluuginti it ron.i.l tiu* yulvanomotor. 1 ui> il a con unser 
,s ( luu jird nn.l (he charire l.as f. !»■ ,ne.isure<l. 

n.ui.d tl.e c.il of the pUvanoineter l.<.uever lartje u„,„„ec 

On the t>ther hnnd. in testiiii? lor Dainricc 

in using a Wheatstone’s Imdge. the adjust- 
tnent has to be nin<le until two points are at 
the same jwIciUial, and a galvanometer must 
be used which will detect the smallest poUn- 
Hal difference poss|l)!o. In such a case, tho 
current flowing thrfuigh a high-resistance 
galvanometer would be mucli smaller than 
that through a low-resistance galvanometer 
for the same P.D. In the case of tho 
high-re.sistanee galvanometer, the current 
would bo small but would pa.ss through a 
large number of turits. ^Vith the low- 
resistance galvanometer a much larger cur¬ 
rent would pa.ss, but through a smaller 
number of turns. Itsually, the galvano¬ 
meters being similar in design, a smaller 
deflection would be obtained with the high 
than with the low resistance galvanometer 
in a ca.se of this tvpe, and hence, for detecting 
small potential tlifterences. a low-resistance 
galvanometer should be used. 

Tliis may be summed up bj’- saying 
that a high-resistance galvanometer is 
extremely current sensitivey while a low- 
resistance galvanometer has a great 
potential sensitiveness. High-rc.sistance 
galvanometers are used for the measure- 
meni of relatively large potential differ- 

I'lu. bcadtivc GalvauomeUr , , t 

ences and for the detecUon of minute 
currents. Low-resistance galvanometers are used for the measurement 
of relatively large currents and for detecting small potential differences. 



BALLISTIC GALVANOMETERS 

When the duration of the current is extremely short, the quantity 
of electricity passing through the coil of the galvanometer may be 
measured by observing the throw, or first swing, of the needle, pro¬ 
vided the time which the current lasts is small compared with the 
time of swing of the needle and provided the damping is slight. A 
galvanometer of tliis tj^pe is termed a ballistic galvanometer. 

§ 3. Suspended-Coil. Galvanometers 

A suspended jieedle galvanometer possesses the great disadvantage 
that it is susceptible to any variation in the external magnetic field. 
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By use of a svispended voif ‘'alv;moinet(*i‘, this ditheuity is "ot over 
entirely : tliis t\pe of «;:il\’anoiiu“t(‘r als() possesses tlie ad\'anta<'(‘ tliat 
it ean l)e set up faeiuL' in an\' diieetion desired. 

If a wire of Icai^lh 1 ein., earrsine a current I ai).solute (’.(J.S. units, 
be j)laeed perpendic-iilar to a fiehl of stret»eth H dynes per unit pole, 
tlie wire experiences a force of H(V <lN'nes, tlie direction of the force 
bein'? perpendicular to the wire and to the inaj?netic field. 

Jf a rectangular coil be ]»lacod so that the plane of the coil lies in 
tlie direction of the field H, a current 1 flowing through the caul will 



FlO. 283.—SusiKMiditl-Coil (ialvunonictcr 


cau.se a couple of HlWa to act on the coil, d being tlie breadth of the 
coil, I its length, and n the number of turns in the coil. The product 

Id is equal to A, the area of tlie rectangle. 

For a coil of any shape the couple is HInA, where A is the area 

of the face of the coil. i , c 

In a suspended-coil galvanometer, the coil, stijiported by a fine 

strip of phosphor-bronze, is suspended between the poles of a very 

powerful magnet (Fig. 283). The current is led into the coil by the 

suspending fibre and leaves by a loosely wound helix attached to the 

base of the coil. 

Any motion of the coil due to the couple HI^iA is opposed by a 

resisting couple exerted by the suspension. 

When the coil is deflected through an angle, the couple acting on 
the coil, if the field is uniform, is HI«A cos 0, due to the magnetic 




A TEXT-BOOK OF PRACTICAL PHYSICS PT. vi 

(ieia, aiui the restoring couple is lc6, clue to the suspension, k being the 
torsion eoeftieieiit of the suspending Hbre. The coil comes to rest when 

liliiA voH 0 - k8, 

kU 


or 


1 = 


H n A on< a 


For small dejledions cos 6 may he taken as unity, and tlie sensitive- 

, d HnA 

ness is cxpresse<I ’ 

Hence for sensitiveness we recjuire a coil of large area, and of 
many turns, hanging in a very strortg field H, and suspended by a 
fibre for which k is very small. The coefficient k is the restoring couple 
for unit twist, and is exceptionally small for a wire of beryllium- 
copper alloy. 

In some forms a bifilar suspension is uae<l, the current entering and 
leaving by the two suspending fibres ; this type is not very common. 


Method adopted in Suspended-Coil Galvanometers to make the 
Deflection proportional to the Current.—The factor cos $, which occurs 
in tlie expression for I above in the case of a suspended-coil galvano¬ 
meter with a uniform field, can be avoided. 

Tlie pole-pieces of the magnet are ground concave so as to form 
portions of a cylinder. Between them there is a cylindrical soft-iron 
core, its axis being coincident with the axis of these cylindrical surfaces. 
In the annular space between the core and the pole-pieces, the field is 
very nearly radial, and may be considered as radially symmetrical over 
a considerable angle on either side of the mean line. In this annular 
space the coil moves, and the field is in the same plane as the face of 
tile coil in all positions, provided the coil is not displaced more than 
30® from the position where it lies symmetrically across from one pole 
to the other. Tlie strength of the field is uniform over the range, 
and therefore the coil is subjected to a couple HInA when carrying a 
current I, irrespective of its position. 

If it is deflected by the current through an angle 6 from its zero 
position (which may be any^vhere in this range), the deflection will 
be given by 


so that 



J0 

H«A' 


• Dead-beat’ Type of Galvanometer.—If the coil is wound on a light, conducting 
frame, or is enclosed in a conducting tube which moves with the coil, the 
motion of the coil is impeded by currents induced in the frame or tube 
due to its motion across the lines of force. 

A galvanometer of this ty^pe moves up to the deflection B corresponding 
with tlie current in the coil, and comes to rest at once. The deflection 6 is 
not affected by the induced currents, os they have a zero value os soon as 
the motion ceases. 
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Method of ' damping * the Oscillations of a Suspended-Coil Galvanometer.— 
If the coil is not mounted on a conduetiiif; frniiu', its oscillations can be 
r(‘duce<l by ‘ short-circuil in^ ' tlie gal\anoineter, w licn it is recjuired at rest 
in its zero position. This i.s tloiic by connecting tlie terniinals to a tapping 
key ; tlio kcN- is loft open during any experiment, but when the gaU’ano- 
meter i.s to bo brought to rest the tapping key is depressed. 'Die E.M.F. in 
the coil due to its motion acro.ss the ticl<l can llien .send an iiuluced current 


througli the coil, this current opposes the motion and tlie coil comes to rest 
immediat<*ly. The key shouhl onl\’ be pressed ns tht? coil is almost in its 
mean position, otherwise the motion towar<ls the mean position will bo 
\-ery slow and time will be wasted. The coil must be at re.st with the tapping 
kcN' ojHu before the next deflection is taken. 

In using a P.O. Box it is suflicient usually to depress the galvanometer 
key alone, no auxiliary tapping key being recpiiretl. 


§4. Ammeters and Voltmeters 

AMMETERS 


All ammeter is an instrument graduated in such a way that the 
current flowing tlirough it can be read off at once in amperes, or 
fractions of an ampere, by means of a pointer moving over a divided 
scale. In general, a galvanometer is an essential part of an ammeter. 

For large currents a shunt is incorporated in the instrument, so 
that only a fraction of the total current passes through the galvano¬ 
meter coil, the shunt being adjusted until currents of the required 
value give a suitable deflection of the pointer. lor a multiple-range 
ammeter several shunts are provided, so that different fractions of the 
current flow through the coil. 

The following example (based on the theory given on pp. 392-394) 
illustrates the method of calculating the shunt required to convert any 
kind of galvanometer of a given sensitiveness, into an ammeter reading 

over a certain range :— 


Supno.se a current of 0 0002 arapero through the galvanometer coil pvos the 
full deflection on a given instrument, the coil having a resistance of 15 ohms. 
If it is required to use this a.s an ammeter reading to 5 ampere-s a shunt b must 
be provideil, so that when a total current of 5 amper^ is flowing, the current m 
the coil is 0 0002 ampere : the instrument then giving its full deflection for a 

total cuiTent of 5 amperes. 

The value of S can be ivorked out as follows :— 

Current througli Coil__Resist ance o f Shunt__ 

'Potal Current Resistance of Shunt-i- Resistance of Coil 


„ 00002 
Hence — = 
5 


S+15 


This gives S = 


0003 

4-098 


or S= 0-0006 ohm approximately. 


In a similar way the magnitude of the shunt required for any range of current 
can bo calculated. The shunt is usually calculated approximately, and then is 
adjusted ajter fitting, till the ammeter reads correctly when a known current is 

sent through it. 

Attracted-Iron Ammeters.—For rough work attracted-iron ammetera are 
larcelv used. The current flows round a coil and attracts a P'^ce of iron 
with a force depending on the current flowing. The iron is attached to a 
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„.,int»T wliicli is moved over n seaJe ns the iron moves, the moving system 
pivot..1 on .leliente steel pivots. The motion is roi.liolled by n 
l,alam '- vv. i-lit .m.l n linii -spi ing, so that the pointer always lakes up the 
sam,- position t..r n given eurrent. returning t.. zero wli.m tli<- curn-nt is 
svMtche.l oh. 'I'll.' seal.- of s.u li an instrument is very uneven, and must be 
graduut.-d einpiiienllv bv seiullng known eurreiits through the mstrument, 
and marking tlie i.osition of the pointi-r to correspond. 

Attrncte<l-ii..n ammeters may be used for alternating current as well 

as direct, if u thin piece of very soft iron is used. 

Hot-wire Ammeters.—In this type of ammeter the current, or a fraction 
of the eurrent. flows through a thin wire stretched between two fixed 
supiiorts. The wire, being heated, expands. Another wire is attacbecl to 
the middle of the lieate<l wire and passes roun.l a thin spindle on which the 
pointer is mounted, the spincUe being rotated by a hair-spring so as to keep 

this second wire taut. _ , 

When the hot wire expands, its mitlille jioint is pulled sideways by tbo 
second wire, until all the .sag of the hot wire is taken up. The rotation of 
tlio s[)intllo turns tlie pointer through a corresponding angle, and thus 
llie moti.ui is r<“co!-ded on a scale. 

Hot-wire ninmetei-s may be used for cither alternating or direct current, 
riie scale is not at all uniform, being much more 'open’ for large currents 
than fur small. 



Moving-coil Ammeters.—A moving-coil ammeter is constructed 
exactly like a suspendcd-coil galvanometer except for tiie mode of 


Fill. 2S4.-MoviiiR-coil Ammi-tcr 

always goes tlirough it in tlie proper 
use witli direct current (D.C.), unless 


suspension. The coil is usually 
mounted on pivots, and its 
motion is controlled by one or 
two hair-springs, which also 
serve to conduct the current up 
to and away from the coil. 

By tlie use of concave pole 
pieces and a coaxial cylindrical 
iron core the deflections are 
made proportional to the cur¬ 
rent, so that tlie scale is practi¬ 
cally uniform, tlie coil being 
allow’ed to move only over tlie 
region where the field is radial. 
A suspended-coil ammeter must 
be connected so that the current 
direction ; it is only suitable for 
a rectifier is provided. 


The requisites of a good ammeter are (1) accuracy and (2) low 
resistance. An ammeter must have a low resistance so that it may 
bo inserted in a circuit through which a current is flowing and yet not 
alter appreciably the value of the current in the circuit. This means 
that any additional resistance introduced into the circuit must be 
very small. 
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VOLTMETERS 

A voltmeter is used to imlicatc tin- (iilVeronco of potential hetwewi 
tlie two j)oints across wliic-h it is coniie<'ted. In theory it slioukl take 
no current whatever, otherwise the P.D. hetween these two points 
may he changed wlien the voltmeter is connected across them. 

This condition is only satisfied in Electrostatin N'oltractcrs, the 
usual type of voltmeter being a high-resistance galvanometer whu-li 
only approximates to this ideal ; in t/ieort/ ire assume t/mt the current 
in 'the voltmeter is a negliijible qnantitif, in practice this is not realised. 
The higher the resistance of the voltmeter, tlie moi'e accurately will it 
indicate the P.U. oriijinalhj existiiuj hetween the points to which it is 
connected (see example below). 

Any type of galvanometer suitable for use as an ammeter can be 
adapted for use as a voltmeter. The difference in the construction is, 
tliat whereas the galvanometer is shunted with a very loir resistance 
to make it into an ammeter, it has a very high resistance in series with 

it when required for use as a voltmeter. 

Moving-coil Voltmeter.—The usual type of voltmeter is a suspended- 
coil galvanometer similar to tlie galvanometer part of the moving-coil 
ammeter already described. In series with it is a coil of liigh resistance 
The value of the resistance required for a given range can be calculated 

as follows :— 

Siinnose the moving-coil galvanometer gives its full donection for a current 

of 0 S auM.ero a.s?u,ned before (p. 481), n„,l it. ^ 

This can be inuile intu a voltmeter reuding up to o i *1 ♦ . 

0 0002= so that B= 24985 ohim, or 25000 ohms very nearly. 

If a resistance of this maBnitntle is connccte.l in '™>' i'>S-soil 

«“''Tr vtUue'rertnirld TSrVother^’anBO could he cn.eu.atod 
in a similar way. 

A moving-coil voltmeter of this type is suitable only for use with 

direct current (D.C.), unless a reefi/ier is provided. 

Hot-tvire voltmeters can be constructed in a similar way, the 
moving system being identical with that of a hot-wire ammeter. 

u t of great importance to note that, assuming the graduations to 
be accuratefthe voltmeter reading is the P.D. between its own terminals. 

The Effect of the Finite KesisUnce of the Voltmeter.-This is illustrated in the 

following example internal resistance 20 ohms, p poles are 

eonneetedm a voLier“' Wlmt will be the volt.neter reading tf the voltmeter 

resistance ia (a) 20. (6) 200, (c) 2000 oluns ? 
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If I- is .ho K.M.K. of .1.0 coll an.l V tho P.D. acros-s the volt.neU^r torminuis. 


“ I K i ' * 

whoro H is the extonial rosistanoo and It the in.crnal resistance. 
In thU eiuse K is tlio voltnu-.c-r resislanc-e. 


(«) 

H- 

20 ohms. 

= 2 - - 1 volt. 

' ^20-1-20 

Error, .10 per cent. 

(M 

U - 

2.10 olim.s. 

.. ^ 200 _ j volt.s. 

' "200-1-20 

Error, H. per cent. 

(c) 

H = 

2000 olnn.s. 

2020 

Error, 1 per cent. 


Tho cjuantitios \- are (ho vnitaoc-s which would he rogistored by tho various 

'^“’wTt*h‘a voltmeter of yet higher resistuneo, the error would bo reduced still 

fiir.|^r.^^ a cell of lower resistuneo, tlie accuracy would also he greater. 

Cheap voltmeters u.s\iaHy have fairly low resistance, and can only be relied 
on when the resistance.^ of the conductors between the points to whicli tlioy are 
connecWd uro extremely luw. 


§ 5. Commutators 

A commutator is an arrangement for reversing the direction in which 
the current flows through a particular piece of apparatus (usually a 
galvanometer) without disconnecting any wires. A copnmuta^r must 
posse.ss at lea.st four terminals. Of these two (rnarketl Gi and G,) must 
be coiuiected to the apparatus in whicli it is desired to reverse the current, 



Fia. 285.—Parallel ami Tilagonal Type Commutatora 


and the other two (we may call them the battery tei-minals, P and N) to 
tlie source of current. Tho only difficulty is to decide which two are to 
form a pair. Commutators may be divided into two types, (1) the parallel 
type and (2) the diagonal type (Fig. 285). 

In tho parallel type the battery terminals, P and N, are in a line 
parallel to the line joining the apparatus terminals. In the diagonal type 
tho battery terminals are diagonally opposite one another. The connections 
in the first position are shown by continuous lines, and the connections in 
the second position by dotted lines. In the first position the terminal Gi 
becomes positive, Gj negative ; in the second position Gj becomes positive, 
Gi negative. The student should notice tliat in the first t>*p® there is a 
diagonal connection (PG*, NO,), in the second tjTJe there is no diagonal 
connection. 

The method of connecting up any commutator can be worked out in 
the following way :— 

Choo.se one terminal of the commutator and label it P. Note the 
temninal connected with it in one position of the moving part of the com¬ 
mutator ; call this terminal G^. Then “ reverse ” the commutator by 
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mo\'ii\g over thfi switch arm. 'J'Ijo tcrniinal to whicJi P is now cojmectc<i is 

label ieci Clj. , . • • .1 /• * 

Now find n terminal to which <i. is connected when P is in the hi-st 

position, and call this N ; it will generally be found that when P is con. 
nccted to <5.. N is connected to (i, at the same time. P and N are used as 
the battery terminals and (»i and Cl, the galvano* 
meter terminals of the commutator. 

If only four terminals are fitted, N must obviously 
be the I'emaiiiing terminal after P, tli. anil ("j have 
been ilecided on. 

If it should happen that N is nol connected with 
G. when P is connecteil with G,. and rice versa, it 
is’evident that the wrong terminal has been chosen 
for 1\ and the investigation must bo recommenced, 
clioosing another terminal ns P. 'Pliis will occur only 
very rarely, the jjairs G| and Gj, and P and N being 
always interchangeable. 

This method is not applicable to a plug commu¬ 


tator. 


Various forms of commutator arc illustrated in 


Of 

\ 

nQ 





$ 

Og, 



FlQ. 286.—Wheatstone 
Commutator 


Figs. 28l>.28fl. . , , 

Fig. 28(» is a convenient form ‘ which deserves to 
be more widely u.sed. Tlie central disk, wliich can 

be rotated about a vertical axis, carries two metal strips which make 

contact with the four rnetal stud.s. ,, ,. 1 * .,,wl ihA 

Fiiz 287 is a double plug switch belonging to the diagonal type, and tlie 
batteiy must be coimected to terminals which are diagonally opposite one 



another. The plugs must never be inserted in ailjacent holes, but always m 

*'“‘1 ^ Co, Granta Worba 

^ 1 . ■ • 1 w-» 5r» TTi^y The movinc srm> cfttrj^ing two torminiils, 

fur"aS!fut"a“ara^xTa- fud .Is’CratS. bruahoTattLhod to ensure 

®°°IfThosirupper“frrninals are culled G. and G, and the lower terminals 
■ It appears to be peculiar to the Wheatatone laboratory, King-fl College, London. 
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on the Imse P an.I X (on tlje loft and riftht, respectively), the terminal G, 
IS positive an.I (L nepativo in the position shown. On rotating the mo\ mg 
part tliroiigli a riglit angle in the clockwise direction. becomes negative 



and (I, positive. In some experiments it may he advisable to clamp the 
base to the laboratory table. 

Fig. 281) is known as Pohl’s commutator. A and H are the battery 
terminals. The apparatus in which the cuirent is to be re\-crsed is con* 



Fio. 280.—Pohl’s Commutator 


nected cither to 0 and D, or to E and F. The rocking part S dips into 
mercury caps. This form is not recommended for an elementary laboratory'. 
A rocking commutator of the Pohl type can be constructed without mercury 
cups if spring contacts are fitted at the two ends and hinge contacts at the 
middle. 


§ 6. Keys and Switches 

Plug Key.—This key is used for making a good connection of low 
resistance when a current has to bo maintained for a considerable time. 
Gambrell's form (p. 488) has been found reliable. 

Tapping Key.—In this key contact is made only when the spring is depressed. 
the spring automatically breaking contact when the pressure is removed. 
It is convenient for use whenever a .current is only required momentarily, 
os in damping the oscillations of a suspended-coil galvanometer. 

Two-way Switch.—This is a convenient fonn of switch when it is necessary to 
change a connection rapidly from one piece of apparatus to another, as in 
the case of the Potentiometer (Fig. 237) A hinged arm can be turned 
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so as to nial«' contact NN'ith oih‘ or ntluM- of tu'o metal stiuL 
is connected tt) the hin^e, and one to eacii of tlie stvids. 


4H7 


C)ne t«“rniinal 



Fia. 2'.Ki.—Key 


I'ic. Tvv.i-wny Switoli 


Double Pole Throw-over Switch.—This is a nsefnl type of switcli |)rovided 
witli six tenninuls, and it.s construction may be xmdcr.stood at onco fioin 



WL 


•><>•>—Doiibln Pole Throw-over Switcli 

and B and F. 


Hmge 



oE 


on 


Hinge 

O'B 




FlO. 203.—Uout>li‘ PoU- TI»r.iw-ovcr Switch 

A 1-01.1 co„.,.,utn...r bcco.nos « s.vilch of 

fro... D to E a..tl C to 1- arc ro.novod (lig. -8.1). 

§ 7. Resistors and Rheostats 

The name resistor is given to any apparaf.s that is ..sed on acco..nt of 

its having the i.roperty of use is a length of bare 

The simplest, form 

platinoid or rnangfuun \Mte. > o j corves as an a<Jjustable re.sistanco 

of about 1 sliding the free part of the 

I:4e refer a bSrd'ing scrL-'till the required resistance is obtairred. N.chromo 
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is nn nllov possessing hipl. resistivity, but its temperaturo coefficient is 

lariier timn that of platinoid or inanpranm. ** i i 

Resistance Coils.—i5o))bins provided with terminals to which are attachefl 
th(‘ ends of a coil of silk-covered resistance wire arc useful both ^ kno"» 
and as unknown resistances. Standard cods are made as in h\pt. 

Resistance Boxes.—A resi.stancc box contains a number of cods constructed 
to have re.si.stance.s which are exact multiples and sub-multiples of ono 
ohm. These are wound on small bobbin.sso as to have as little self-induction 



Fio. 204.—Conatrurtion of RcslsUncc Boxoa 


as possible (see Expt. 238. Fig. 254). and are soaked in paraffin wax or 
coated with .shellac varnish. 

They arc enclosed in a box, usually with an ebonite top, the ends of the 
coils being brought through the ebonite and connected to thick brass blocks 
which are mounted on the top of the vulcanite. 

Between the blocks conical brass plu^ can be fitted {Fig. 294), the 
plugs being gi'ound so that they fit half into each block, thus making a 
connection of extremely low resistance between the bra.ss blocks. 

If the plug a is rerrioved. the current must flow through the resistance 
coil, the ends of which arc attached to A ami B, in order to pa.s.s from one 
block to the other. When the plug is inserted, the resistance offered to 
the passage of the current is negligible. Thus, in using a resistance box, 
the total resistance introduced in the circuit by the box is equal to the sum of 
the resistances indicated at the side of the holes from which the plugs have 
been removed. 

The plug mu.st be inserted with a slight screwing motion in addition 
to the pressure required. The plug should always be screwed in a right- 
handed direction even when removing it, otherwise the plug head may be 
screwed off without removing the plug from the hole. AVhenever the plug 
is removed from between two blocks, the plugs on either side should be 
pressed into their holes again, as the blocks will have ‘ sprung ’ slightly 
towards the vacant hole and the plugs on either side will be loosened. 

This difficulty is avoided in Gambrell’s plug contact shown on the 
right of Fig. 294. The plug ft is a metal cylinder made conical inside, so 
as to fit over the two outer conical surfaces d, e of the socket, and a central 
pin ft fits into a hole in the socket. The re.sult of pressing the plug on to the 
socket is to force all the surfaces into contact, and the two halves of the 
socket cannot be unduly strained. This foi*m is recommended for accuracy. ^ 

Resistance boxes must never be used for heavy currents, as the coils 
would be overheated and the box ‘ burnt outA box should never be 
used by a student in conjunction with a secondary cell without special 
permission. In any cose, the rosistauce in the box must never be reduced 




CH. X 


NOTES ON ELEOTRICAL APPARATUS 


489 


to Io>s than 30 ohms wiion a sccon<lar\- cell is used. 

Sliding Rheostat.—Tlie resistance wire is woiukI round an insulating cylin- 
der. One end of the wire is attaclied to one terminal of the rheostat. 'I’he 
second terminal is attached to a sliding contact piece which can he moved 
parallel to the cylimler, so as to make contact with tlie rc.sistancc wire at 
some selecte<l jjoint. 

Wheatstone’s Rheostat.—Two parallel cylinders are mounted side hy .side, so 
that each can rotate about it.s axi.s. One cylinder is of brass, the otlier of 
some in.siduting material. A screw thread is cut on the latter cylinder, and 
c. length of resistance wire lies at the bottom of the thread. One end of this 
wire is attached to the metal cylinder, so that, when this is rotated, the wire 
is wound off the insulating and on to the metal cyliniler. The turns of wiro 
on the metal are short-circuited, so that the resistance m use is tliat of the 
wire on the insulating cylinder only. This arrangement gives a con/mnoa*- 
adjustment of resistance. 

Adjustable Carbon Resistances.—A number of circular sheets of carbonised 
cloth are placed between two metal plates which may bo pr(>ss(>d together hy 
means of a nut and a screw. The resistance is alteretl by altering the 


pre.ssure between the plates. 

In another form solid ]>lates of carbon are pres,sod together in the same 
fa.sliion, anrl the resistance is varietl bj' altering the number of plates or tho 
pressure between them. 

Adjustable Resistance Frame.—A convenient form of adjustable resistance 
in common use is tliut which consists in a rigid frame on which arc stretched 



TUi. 205.—AdjustnUle Rv?«lstAnru Frame 


a number of spiral coils of wire arrangcil in zigzag fashion (Fig. 20.^)). A 
metal han.lle Enmccted with one terminal of the 

scrie.s of rnctal stud.s connected with successive spirals. >tli the handle m 
one extreme position the current must pass through the spirals, but as 
tho handle moves from stud to stud the current paases through fewer and 
fewer spirals, till the other extreme position is reached when 
u-siiallv pa-sHcs direct through the handle to second tei-minal of the 

rheostat. This frame is u.soful as a rough regulating re.sistance for fairly 

larcc currents, sav from 1 to 20 amperes. _ 

Such resistance frames are marked usually with their approximaW/« 
resistance and by tlie current which they are designed to carry %Mthout 

ovei heatinc This current must not be exceeded. 

These resistances must never be use,l as stamlards for comparison, the 

indicated resistances being only approximately correct. 
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T, j T> - _ \ iKf'ful tvDO of fixed resistance which is con- 

Rough Fixed Resistances. -A _ • to bo reduc<rd to soiiie- 

vrrnciit h-i- the arxi tvpc. These are usually marked 

where .u-a. a for which they are 

with the ai-proMinaU ^..rrcit they are designed to take can be calcu- 

lT'';nurn,-v^ will only .nko this 

kited, and this " „ ,.^„tijateil ; if enclosed so that they are 

norco^irkv e:nvecti-they would overheat and hise. 

Lamp Resistance.— For many experiments current may be used from 



A 


Adaptff 


fUxibie Leads 


the liLditint mains if suitable re.sistances ore employed to regulate it. A 
coiiveui(‘iit and cheap apparatus is shown in Fig. 2l)G. This can be made 

in deal or mahogany, ii.sing ordiriary 
B baltcn lamp-holders. The connections 
ore as shown in Fig. 297. C, D, an<l 
E are lampholders screwed to the base 
and connected in parallel. 

The current for the experiment is 
taken from the terminals A and B. 
The polarity of A and B can be found 
by pole-finding paper, and, by the use 
of one, two, or three lamps, different 

FiG.‘»J7.-ronnrctio,i3ofLam,. iusi.t.,ncc currents may be obtained for purposes 

of experiment. 1 he current passed by 
a carbon-filaincnt lamp is about three times the current passed by a 
met a I-filament lamp of the same candle power. A larger number of lamp- 
liuldci's mav be fitted if desired. 


§ 8 . Tests for Polarity 

Pole-finding Paper — testing Polarity of D.C. Lighting Mains, etc.—Ordinary 
litmus jiaper may be usetl for finding the polarity of cells, or mains, where 
direct current is supplied through a suitable resistance. The paper .should 
be moistened and the two wires placed close together on the paper, but they 
must not touch each other. The point of contact of the positive will show 
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a rrd mark after a moment or two. tlie )irtf(itirr }'i\’inf’ a hlup coloration. 
AVlieri testing tlio i>oIaiily of tlio lighting mains great rare must ho taken ; 
tlie l)orc wires must not touch eacli <itlu“r, nor must eilh«‘r wire coiik' into 
contact with tlie fingers or any nu^tallic fixtures sucli as gas or water pipe's. 
I'dilure to ohsi'ri'c ihc-se f}r( caul ions uiay risult m o sck rc shock lo the experi- 
ynenter, or in serious hums. 

Starch paper, or paper soaked in a solution of stareli and potassium 
iodide, turns blue at tlio posilirr terminal when two wires are placed in 
contact witli the paper (first moistened). 

Mcthotls of detonnining the polarity of the terminals by means of the 
magnetic action of the current have ht*en described on p. 374. Ju appl!/i»U 
these methods to the Hyhtimj mains sul/icicnl rt.sislancc ynust he placed the 
circuit to prevent the current hi imj excessive. The lamp resistance descrilied 
on p. 400 i.s suitable for the purpose. , , t 

One of the inain-s of the .supjily company is usually earthed. In tlio 
case of a two-wire sv.stem the secoiul main may be either above or below 
the potential of the earth. In the case of a three-wire system the miiUUe 
wire is earthed. Of the other two, one is above, the other below the potential 
of the earth. Thu.s, if the live mains are at 4- 100 and - 100 volts respeet- 
ivels'. lamps or apparatus requiring 200 \-olts would be connected aeioss 
tliese live main.s. If only 100 volts is needed for any purpo.se. the apparatus 
is connected between cither live main and the carthetl wire. 


§ 9. High Potential Differences 

For experiments in which differences of potential of the order of 100 
or 200 volts are needed a high tension battery, composed of a large number ot 
drv cells or accumulators in .series, is frequently einployed. By 
the two points to selected terminals the potential (hnerence requ red may 
bo • tapped off ’ from the buttery. Avoid short’CircuUuuj any part. 

An alternative metbo<l Ls to use a potential divider (p. 40/). the Pnncjr^lo 
of which is shown in Fig. 23U. The potential difference required s obtain, d 
by connecting the two given points to the points A and P. The some 
may he a battery consisting of a considerable number ce‘ls. or 

direct e.rrent (U.C.) ,nai..s may be ^'yP'^Ved. 7" 
the precxiutions mentioned in §8 must be obsened. Ihe ‘ , 

potentiometer wire AD must be suitable, and the wire rnust »blc to oirry 
the current from the source without ovor-lieating. For e.xnmple, vhen 
D C siipnlv mains giving 200 to 250 volts arc used, the wire AD may ha\e 
aoTVron? lOog to 2000 ohms and a current 

about 0-3 amp. For greater safety the A 

lanu) resistance (p. 490), the potentiometer being connected between 

and B (Fig. 297). 


§ 10. Secondary Cells or Accumulators 

The density of the solution in a lead ceU indicates 
a ncn. cell prepare the solution f^^^i tlie maker s mstn.ction^^ 
the density of a fully cliarged cell should be about avoid 

fall below 1*17. Note : 1, u.se only pure water and pur. acid , » 

over-charge and over-discharge ; 3, do not lot a j^aterial 

The plates of an Edison (iron-nickel) cell arc of steel , ^*‘5^ ^ ^ r ^ 

is an oJide or hydroxide U nickel for the 

negative plate, the electrolyte is a 20 per cent solution of caustic potasn 
(KOH). The E.M.F. is from 1*35 to 1*40 volt. 



CHAPTER XI 


HTOH-FREQUENCY OSCILLATIONS—ELECTRO¬ 
MAGNETIC RADIATION 

§ 1. Electrical Oscillations produced by Condenser 

Discharge 

When a charged condenser is discharged across a narrow spark-gap, 
the actual flow of electricity across the gap consists of several surges in 
opposite directions. In the first surge the electricity acquires a kind 
of ‘ momentum ’ and the condenser becomes ‘ over-discharged , the 
plates acquiring charges opposite in sign to those they possessed 
initiallv. When the first surge is completed, the plates now discharge 
across‘the gap again, again becoming ‘ over-discharged . under suit¬ 
able conditions. This process continues until the potential difference 
between the plates after one of the surges is insufficient for a spark to 
pass across the gap. The final charges on the plates may be of the 
same sign as the charges initially carried by them, but it is equally 
probable that they will be of the opposite sign. 

Expt. 202. Residual Charge on Condenser after Discharging through 
a Spark Gap.—Charge a Leyden jar by connecting the inner coating to 
a \Vimshurst machine, the outer coating being earthed , 

Touch the knob of the Levden jar with a metal plate or ball mounted 
on a long vulcanite rod and test the sign of the charge on the plate or 
ball by means of an electroscope (see Part ^ I., Chap. I., paragraph 2, 

Now take a wire supported by a long vulcanite rod, put one end 
under the jar so as to make contact with the outer coating, then, /ioWtii (7 
Ihc extreme end of (he vtdeanite rod, bring the other end of the wu-e towards 
the knob of the Leyden jar. As soon as a spark passes between the wire 
and the knob, take the wire away again. The wire must not touch the knob. 

Determine the sign of the charge on the inner coating of the jar by 
touching the knob of the Leyden jar with the insulat<^ metal plate or 
ball already referred to, and testing the sign of the charge which this 

plate or ball takes up. » -j i 

Repeat the experiment several times and note how often the r^idual 
charge on the inner coating is of the same sign as the initial charge, 
and how often it is of the opposite sign. 

If in any single experiment the sign of the charge on the knob is 
found to have become reveractl, that observation is evidence of the 
oscillatory character of the discharge. 

Important. — On no account must the knob of the Ijeyden jar be 
touched with any pari of the body or clothing or with any conductor held 
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in the hand. Any wire or other conductor browjhf up to the knob of the 
Leyden jar /nnsf be insufnted by .•iupjtoriinif it at the end of a Unaj iiisiilaliixj 
rod, the oTHhit end of which is held in the hand. 

Noth. _Hijrh-ficquc-ticv <-irruits dilYer in practice from low freqiieiicy 

circuits partlv because it is dhlicult to coiislruct pare resistoi-s. iti<liictors, 
ami capacitors (p. 46")), aiul the current distriluuion in a conductor depends 
on freiiuencv. A resistor usually has some small inductance and conse- 
(luentlv behaves as a reactance (p. 464). Tlie imlmrtance of lea<ls an<l the 
capacitance between diiTerent elements cannot be nejilected. b<ane ot tl.o 
errors due to .such causes may be avoided by shielding. 


§2. EbECTRO-iVLvONETlC R.\D1ATI0N 

When an oscillatory discharge passes across a spark-gap, electro¬ 
magnetic radiations arc set up in the surrounding space. These can 
be detected under suitable conditions by means of a large loop of wire 
bent so as to bring its end.s very close together, the separation being 
of the order of 0-25 mm. Such a loop, when held clo.se to a spark-gap 
across which sparks are passing, will pick up the radiations from the 
conductors leading to the spark-gap, this being made evident by the 

occurrence of feeble sparks across the gap in the loop. 

The existence of these radiations was discovered and demonstrated 

experimentally in this way by Hertz in 1888. 

Hertz showed that these waves or radiations were of the same 
cliaracter as light waves, in that they obeyed the same laws of reflexion 
as and could be refracted like, light wavc.s. The wave-lengths of these 
Hert 2 dan Waves are many millions of times greater than the wave- 

leneths of visible radiations. • . , i 

The experiments of Hertz confirmed the theory put forward many 

years earlier by Clerk Maxwell, that electromagnetic waves and light 
waves are identical in their properties. 


§ 3. Detection of Electromagnetic Radiations 
For the detection of electromagnetic radiations several methods 
have been employed. 

Coherers.-The discovery of what is known as ‘ cohercr-action 
bv Rranlv (1890) who invented the coherer and used it 
^d” ecting" tt eL*tlnte’'of electromagnetic radiations. Branly s 

::het conlsts of two metal rods — in ^ 
neighbouring ends separated by a distance oi a i 


wavea. 



QfQ$s Tube 


n 


Seoitng Wax 

/ 


Ml’IuI fiod Filinos Mvtut Rod 

FlO. 203.—3iiiil'l«' F<prm i>f 15ruiily's 
(.'iilicriT 
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s,.,,,-. l.<.tweon tl„. ..Kls tu-i,,- lo,.«-l,V fill«l "ith metal filingM Fig. 

■’""when tl,e filii.g.s are lo,.,.ely .sl.aken together, the resistance of such 

a tnhe is verv l.igi,. If, l.owever, a heam of eleetro-magne to racl.at.on 

falls on the tnhe ami on the metal ro.ls, the res.stanee of the tube falls 

to a comparatively low value. Sliaking 

tlie tube restores the resistance to a high 
value again. 

The high resistance is probably 
due to the filing.s being separated by 
extremely thin surface films ; when 
electromagnetic waves strike tlie tube and the conducting rods, the 
surges ju-oducctl break through tlicse films and the filings are thus 
made to cohere. 

For descriptions of other forms of coherers reference should be 
made to historical books on wireless telegraphy or ‘ radio.’ 

Exit. 2n:J. Action of a Coherer.—Take two pieces of bra&s rod 
I incli in dimneter and about three inche.s long, and a IJU’ce of gl^ss 
tul)ing. having a length of about :i inches and a bore .slujhtly greater 
than the diameter of the rods. Smooth the ends of the rods and hx 
one rod into the gla.s.s tvibc with sealing-wax, the end of the rod being 
about the middle of the gla.ss tube. Now put a few nickel filings into 
the open end of the tulje, allowing tho.se to <lrop on to the end of the 
rod inside the tube. The filings introduced sliould be sufficient, when 
shaken down, to fill about ^ of an inch of the length of the tube. Insert 
the second rod into the open end. and fix it with sealing-wax in such a 
position tliut there U a small space between the end of the rod and 
the short column of filings. When the tube is now placed in a horizontal 
position, the filings will lie loo.sely between the ends of the rods, filling 
about two-thirds or three-quarteiis of the intervening space. 

t'ormect the coherer just made in series with u 5U-ohm coil, a Leclanch6 
cell, aiul a milliammotor (Fig. 21)0). Obseiwo that the current taken by 
tlie milliammeter is very small. 


Now discharge a condeiLser 
(Leyden jar) anywhere in the 
close vicinity of tlie coherer, 
ami observe that the milliam- 
meter reading increases im¬ 
mediately to a value in the 
neighbourhood of 20 milliam- 



Coherer 


Coherer 


50w 

Fio. 200.—Actiou of a Coherer 
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pores. A similar effect can be produced by placing an electric bell close 
to the coherer, and causing the bell to ring by means of an electric 
current. The spark which occurs at the contact breaker gives rise to 
waves sufficiently powerful to cause the filings to cohere. 

Observe, also, that tapping the coherer .sharply, after the sparking 
has ceased, causes the reading of tlie miUiammeter to fall almost to 
zero again. 

Instead of the 50-ohm coil and the milliammeter, a small 2-volt 
‘ pea ’-lamp can be used in simple series with the Leclanch^ cell and the 
coherer. At first the lamp will not glow, but the sparking will cause it 
to do so, thus showing that the resistance of the circuit has diminished 
very considerably. Tapping the colierer cause the glow to di^ppear. 
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XOTC 1.—An uccuinulati)!- c«'ll ina>- bo in.-eoa.l of t ho Loolanolio 

coH blit in n<i oaso shouM a batt<*r\ «n- coll an oxocc*iling 

•> volts bo uso<l. A liijzh.i- potonlial .litYon-noo tlian '2 volts is liabU- to 
break <lo%vn the snrfaoo lihns am.l oaiiso the tilino.s to ooheio oven in tho 
absence of olootroinat;notic iin|»nlses. 

XoTE 2._An iinprovoil ooheror can bo inaile by using silver rods instead 

of bVass, or sokloring (preferably hard-.sohhri„>f) a silver disc oyer the eials 
of the brass rods. A mixture consisting o> 9t> per eont nickel tilings and 
4 per cent silver filings is better than filings all ot nickt>L 

Magnetic Detector.—If eleetroniagnotic waves are received by an 
earth-connected wire (an aerial), an electric current is set up in tins 
wire, the current being oscillatory. The oscillatio.is of this current are 
very raiiid, being of the same frctpiency as tho electromagnetic waves 
by which they are set up. If a small coil of wire is inserted hetueen 
the lower end of the aerial wire ami the earth, tlie current will pass 
through this wire and will set up a rapiiily alternating magnetic held 

along the axis of the coil. ,, i r 

Marconi devised a form of detector in which an endless loop of 

finely stran.lcd soft-iron wire was made to pass slowly through a coil 
simiiar to that just described. Before entering the coil the wire was 
magneti.sed by causing it to pass 
acro.s.s the poles of a magnet. Ihe 
magnetism was retained by the wire 
as it passed through the coil, pro¬ 
vided no oscillations were being 
produced in the coil. If, however, 
electrical oscillations were taking 
place in the coil, the rapidly alternat¬ 
ing magnetic field along the axis of 
the coil caused the magnetism of 

cliange in the magnetism of the iron inside the coil residted 
in a current being induced in a ‘ secondary ’ coil wound over the firs 
and caused a click in telephones connected across the end of this 
second coil {Fig. 300). Thus an audible indication was obtained \\hen 

theaerial was receiving electromagnetic waves. . , , 

It is difficult to devise any simple laboratory apparatus to demon¬ 
strate this effect. 


To Teteohon^s 


Aerial 



■Finely stranded soft-iron Wire 
Flu. UOO.—Mimoiii's MiiKiK-Uc lirtfclor 


the moving 


iron wire to be 


§ 4, Detection op Electbomagnetic Radiations by 

Rectification Methods 


Tlie system of electromagnetic waves 
charge occurs, dies away very rapidly. 


sent out when a spark dis- 
Such a series of waves, or 
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wave-train, ran be represented diaprammatieally as in Fig. 301. It is 

called tcehnieally a damped wave-train. , . * ytt\ 

Bv tlie use of three-electrode valves or triodes (see Chapter All) 

olectroma^netic waves of constant amplitude can be produced, giving 
” a wave-train of the type repre¬ 

sented in Fig. 302. Such a wave- 
train is called a sustained wave or, 
more commonly, a continuous 
wave-train. 

The electric current set up in 
an aerial wire receiving a wave- 
train is of the same form as the 
wave-train which produces it. A 
damped wave-train sets up an 
alternating current which rapidly 
tlies aw'ay to zero, while a con¬ 
tinuous wave-train causes alterna¬ 
tions of constant amplitude to be 
set up in the aerial ^vire. 

The frequency of alternation is 
altogether too high for any audible 
sound to be produced by passing 
the current through a telephone, even if the diaphragm of the tele- 
T>hone could respond efficiently to an alternating current of such 
freciuency, and even if the self-inductance of the telephone coils would 
jiermit any appreciable current of such a frequency to pass through 

the coils. 

Delicate instruments for detecting alternating currents of very 
small magnitude might be used if the waves received by the aerial 
were very powerful, as in the vicinity of the station generating or 
transmitting the waves, but not otherwise, as the sensitivity of such 
instruments is somewhat small compared with the sensiti\’ity obtain¬ 
able in instruments for detecting and measuring uni-directional current. 

The invention, called by Fleming an oscillation-valve, and its power 
of rectifying alternating currents of both low and high frequencies, 
rendered the detection of electromagnetic waves comparatively easy. 
This form of thermionic valve is described in Chapter XII. 

Shortly after Fleming’s discovery, it was found that certain crystals 
(such as zincite and bornite), when held lightly in contact, possessed 
similar rectifying properties, as did also certain crystals when in light 
contact with the end of a fine metal wire (say of copper, silver or gold). 

Rectification of Electrical Oscillations.—-The contact thus formed 
will transmit a current much more readily in one direction than in the 
other. A similar departure from Ohm’s Law is observed when almost 
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FlO. 303.—OsoilLitinin ilue to 
Duiiipol Wave-Train 



aiiv two conducting niaterial.s arc })lace<l in contact. procidtHl the area 
of contact is sulti»-icntly small an<I tlie c-ontact |>rcssni-(“ is sutlicientlN 
light. It is possililc to obtain this ctfcct with tlie end of a line j)latirunn 
wire hcUl in extremely ligld contact with a disk of j>latinum. A crystal 
of carborunduin (silicon carbide) in 
contact with steel is frequently 
used, the pressure being adjusted 
by means of a spring so as to give 
good I'ectification. 

Such a system placed between 
the lower end of an aerial wire and 
the earth will, let us suppose, con¬ 
duct a current much more rcailily 
from the aerial to the earth than in 
the reverse direction. The current 
which flows through the crystal 
system will then be more or less 
undirectional, so that a damped 
wave-train received by the aerial 
will cause a current of the type 
indicated in Fig. 303 to flow 
througli the crystal, the reverse 
half of each alternation (indicated 
in dotted line) being practically suppressed owing to the high resistance 
offered by the crystal system to a current flowing in this direction. 
crystal combination, or a combination consisting of a crystal and a 
metal wire, having properties of this type, is called a crystal detector. 

The full line curve shown in Fig. 304 represents the current passing 

through the crystal detector wlien the aerial is receivmg a ^o^^muous 
^ wave-train, or represents a rectified con¬ 

tinuous wave. 

Provision must be made, of course, for 
the half-waves suppressed by the crystal 
detector to pass from the earth to the 
aerial by some other conducting system. 

I In wireless reception this is usually done 

Fio 305—A Rectified Current Indicated connecting the Crystal detector in 

S; paraUel ^vith the aerial tun^g inductance. 

a« lmlucllveclrcultsucliasatck|ihouc Expt, 265, and Fig. 312.) 

A rectified train of damped waves would be smoothed ' in passing 
thr^gh any apparatus having an appreciably large self-inductance 
silch fs the coils of a telephone or of a sensitive galvanometer, and ts 
efleot on such apparatus would resemble that of a single imp 

(Fig. 305). R 


FIO. 304.—Rectified OscillntioiH due to 
Cuutimiou:^ Wave-Traicj 
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A ro.tifu-cl train of continuo.ia rvavoa would be smoothed in a 
siuiilar ina.n.er, and its effeet would resemble that of a steady or only 

slit'htlv varying cuiTont (Fig. 300). 

"tI.'us, a rectified group of damped waves would cause a 
i,. a telephoue, or a sud.leu deflection in a galvauometcr_ A reeUfied 

continuous wave would produce nothing more than a ‘"8 

sound in a telephone, due to slight 

accidental variations of amplitude. 

In a galvanometer, however, a recti- 

' A——r“\—fied continuous wave would produce 
^ ^ a sensibly constant deflection. 

In wireless telegraphy, damped 
wave-trains produced by spark 

.■,.r™r,.-ARoc.inoico„u„,.™,w»ve(do.ua transmitters are now mainly of 
lilip) proiluccs an approximnlcly conbUut Jjistorical int6r6St. il^ach SparK 

ciurc...(n.inim-)i»tl.eU-le,.ho..e ^ the 

telcpliones at tlie receiving station, and, ii the sparks follow each 
other at short intervals, a succession of clicks is heard in the tele- 
phones. These give rise to a composite note if the sparks occur 
regularly and in sufficiently rapid succession, the pitch of the note 
being that corresponding to the number of sparks per second at the 


transmitter. 

Stations which transmit continuous waves cannot be heard by a 
receiving station in which the receiver is a simple rectifying system 
with the rectified current passing through telephones, unless the ampli¬ 
tude of the waves sent out is varied. It is possible, however, to modu¬ 
late the waves so that their amplitudes vary, thus causing corresponding 
variations in the rectified current at the receiving station and in the 
attraction of the telephone diaphragm. If the frequency of these 
variations lies within the range of frequencies to which the telephone 
can respond, the diaphragm takes up vibrations corresponding to the 
modulation. Thus, if the modulation causes the amplitude of the 
continuous wave to vary so that it passes through successive pairs of 
alternate maxima and minima 256 times per second, the telephone 
diaphragm vibrates in and out 256 times per second and emits the note 
‘ middle C ’ (physical pitch). 

By suitable means, the modulation can be made to depend on the 
vibrations produced by any sound, thus musical notes and speech can, 
as it were, be superposed or impressed upon the high-frequency electro¬ 
magnetic waves as variations in the amplitude of the waves. When such 
waves are received on an aerial, and the resulting current is rectified by 
a crystal and caused to pass through a telephone, the music or speech is 
reproduced by the telephone with remarkable accuracy if the modula¬ 
tion at the transmitting station is good. 
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VISVT. 201. Rectifying Action of a Crystal Detector -Mnko up a 
pal(Mia-oatwliiskar crystal .U-ta<-t<>r <>f ttic Imiii <-uiimi<.at\ usc<l in wire¬ 
less receiving sets. 'I'lie <'atwhiski-r is usually in tli<- i..rm of a veay 
short lielix of line wire nuauited on an iuljustahle lira^-s ro<t. llic galiaia 
cr\sta! can be convenient 1> mounted in a small hra'.s cup l)>’ lilling 
the cup with Wood's metal an<l partially enda'dilim: the ei-y>tal in tlie 
molten metal. The brass rod earr\ini' the «atwhisk<-r is suppoiteil 
between metal springs, through whi<h eh'etrieal eonru'Ction <an he 
nuulo to the rest of tho ap|)aratus. Tlie luass cup in wliieli tlie galena 
crvstal is mounted is fixed to the base of the detector support an.l a 
connection is taken from the cup. preferably through a terminal, to the 

rest of tho aiiparatus. . 

Connect the iletector in .series with a imero-ammeter with centre 

zero or with a galvanometer, and. throuL'h a reversing switch, to a 
potentiometer connected acro.ss a battery of small cells having a total 
F M F of 4 to 0 volts (Fig. 307). If u gulvanonu-ter of high sensitivity 



i.s iLsed, it is advi.sable to 
shunt tliLs before commen¬ 
cing tho experiment. Afew 
trials will enable n shunt 
of suitable magnitude to 
be selected. The value of 
tho shunt should not be 
altered during the experi¬ 
ment. It is akso arlvisablc 
to include a resistance of 

0100 ^ 1 ^th*^ and detector branch of the circuit, ">/‘[ue 

the crystal detector should be accidentally .short-circuited, due to the 

metal parts coming into contact witli each other. 

I sing a low potential difference across the iletector nnd tlie |'' 
ammetef or galvanometer, observe the denectum given by this insl u- 
ment. Keve?se the potential difference applied (by throwuig o\ei the 

''‘'''woa^e‘'\hTpot«^^ steps and repeat tho 

.n eac,..... of 

irtte dire" tic. i,. which this P R- ac«^Jho^«.n^ tho 

directions when the P.D. across 

the contact is (say) 1 detector bv mounting a crystal of zincite 

Make up a ^>^"‘te-bomite 

m a small brass cup and a support so that a fine edge or 

supporting one ‘ htlv^on a'^flat Surface of the other crystal 

point of one ^.qss cup is supported should permit of 

The ivay m which upper crv-stal relative to the low er one. 

adjustment of the above, using this zincite-bormte 

iUtSS;™™.*".™ »■““ •• p"“"" 
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V _ I'. tor.. iM'd.ininL- tl.,- i-xp.ii.nent «ith I'itI.ei- <luti-ctor adjust 
* i<v I hetweon tbo current m one cluection 

,.„t .,e uuifor,„,y sensitive. 


§,U. Tt-NED ElECTKIC.<VL CIRCUITS — Electric.u. Resonascf. 

If a cliargcd contlenser C (Fig. 308) is suddenly short-circuited 
tl,rough a coil L, the charge surges to and fro througl, the coi mariy 

times before all flow or surging ceases. Ibe rate 
of decay of the surging depends on the resistance 
of the coil and on the amount of energy radiated 

as electromagnetic waves. 

The period of the oscillations wliicli take place, 


g 


1 


Fiti :w,s.—Circuit with or the time taken for a complete to and fro surge, 
Ndti.rai osciiiatiou . 2WL.C, where L is the self-inductance 

of the coil and C is the capacity of the con- 
denser, botli these quantities being measured in one systein of 
units. For example, in practical units L is in henries and C m 

fapads* 

It happens, owing to certain relations which exist between the 
absolute electromagnetic units and the electrostatic units, that the 
wave-length, in centimetres, of the osciUations which such a syste m 
would set uj) in the ether, is given by the same expression 'ZttVL.C, if 
L is measured in absolute electromagnetic units and C in electrostatic 

units. 

Oscillations can be set up in such a circuit by causing sparks to 
pass across a spark-gap connected to the circuit (Fig. 309). The 
oscillations in the circuit are then heavily damped owing to the resist¬ 
ance of the spark-gap ; the sharpness of 
tuning of the resultant oscillations (the 
narrowness of the frequency range 
emitted) is also greatly reduced, the 
oscillations obtained liaving frequencies 
which cover a fairly wide range. 

Oscillations can also be produced in 
such a circuit by means of a three- 

electrode valve (see Chapter XII, § 12). The oscillations thus 
obtained are easily maintained at a constant amplitude ; their range 
of frequencies, also, can be kept very small, and the oscillations are 
sharply tuned. 

To obtain efficient radiation, the simple oscillating circuit described 
above must be modified. This is done by attaching a long wire to one 





I 
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To 

Induction 

Coil 


Fio. 300.—Circuit with Spark-gap lu- 
serted for production of OscUiatiuii 



CH. XI 


HIGH.FREQUENCY OSCILLATIONS 


.•)()! 


end of the coil L or hv inakinjr tlic coil L of lar^o area, and of a <*oiu- 
paratively small number of turns {Figs. 310 and 311). 

The long wire radiator is called an open aerial: its a<lditi()n alters 
tlie capacity and self-inductance of tlio system and therefore alters 
the frequency of the oscillations and, of course, the wave-length of 



To Earth or to 
Counter-balance network 

nu. 310.—lUuhatinc C ir- 
cult witli Oi)cn Aerial. 

a« Rocciviti^j 
('Irniit ir not cxclfi*a to 
net as Uacliatiui? Circuit 



Circuif ulth CIoscmI 
Arrial. AUo serves 
as Iticcivini! Clr- 
cult, if not ^•xcif«'c| 
to art as Radiatiiu; 
Circuit 


the radiation emitted. Wlien an open aerial connected to one end of 
the coil L is used, the other end of the coil is generally connected to 
earth, though sometimes an insulated wire or network of wires is con¬ 
nected to this end to act as a counterbalance to the aerial, instead of 

an earth connection. 

A vertical open aerial radiates equally in all horizontal directions. 

If the coil L is made of large dimensions and used as a radiator, 
that is as a closed aerial, or frame aerial, no earth connection is required 
Such a coil radiates most strongly in its own plane, the intensity of 
radiation in directions at right angles to the plane of the cod being 

t 

Tii*Rcticii 11V zoro 

Now if a circuit such as that shown in Fig. 310 is made up but is 
not connected to any spark-gap or valve whicli will set up oscillations 
in the circuit, it will pick up any electromagnetic waves wind, strike 
the aerial, or pass close to it, and the circuit will respond to those 
waves. Similarly a circuit with a closed aerial, as shown in big. 311, 
will respond to waves travelling past the aerial, the response being 
greatest to waves travelling in the plane of the coil, and zero, or 
nearly so, to waves travelling at right angles to this plane. 

The oscillations set up in these circuits will have the same frequency 
as the waves which are being intercepted by the aerials. The response 
of either circuit will be small, therefore, unless the natural frequency 
(actually the ‘resonance frequency ’) of the receiving c.rcujt is approx.- 
mately the same as the frequency of the waves intercepted by the aerial. 
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liv allerin^ tlie sclf-iiuluctance of the coH L or by altering the 
caparitv of the condenser C, the resonance frequency of the circuit 
c-an be made the same as that of the waves being received. The circuit 
will tfien be set in resonant vibration, the amplitude of the oscillations 
iH-eomiog very large, being, in fact, limited only by the extent to which 
energy is thssipated in the circuit due to its electrical resistance, or is 
al)sfiacted from the circuit by re-radiation or in other ways. 

To detect tlie oscillations taking place in such a receiving circuit 
enc[<n- is usuallv drawn from the circuit, in some way or another, to 
operate the apparatus used for the detection of the oscillations. Ab- 
stracting energy for this purpose limits the amplitude of the oscillations 
set up in the resonant circuit and also ‘ flattens ’ the resonance ; that is, 
causes the o.scillations to be of fairly considerable intensity even when 
the natural frequency of the receiving circuit is varied over an appre- 
ciahlc range. 

ExPT. 20.'). Resonant Vibrations in a Receiving Circuit.—Make up a 
siinplc receiving set with a crvstnl detector and telephones, .suitable for 
ivc.'iviiig signals from a local broadca-sting station unless a privately 
owned transmitting set is available (Fig. 312). This set should have 




FK! 31’ —UecoiviiiB Circuits with Cirstal Detectors ami Telephones, (a) OjKrn Aerial 

Circuit; (h) CInscfl AerUl Circuit 
As sltown, • timiiiK ' is by altering capacity of condenser 

either a variable self-inductancc or a variable capacity, with a scale in 
terms of wbioli tlie magnituile of the self-inductance or of the capacity 
can be ex[)rcssed in .some arbitrary marmer (for instance the angle 
through wliicli tho adjusting knob is turned). 

U.sing a galena-cntwhisker detector, adjust the set to give maximum 
loudness of sipials from whatever station is being used as the trans¬ 
mitting station.’ 

Keep tlie set adjusted in this way and replace the telephone by a 
micro-ammeter or galvanometer. Note the current passing through this 
in.strument. 

Now vary the ndju-stment of tho set by altering cither tlie self- 
inihictanco of tho coil L or the capacity of the condenser C, and take 
readings of the current through the micro-ammeter or galvanometer for 
several different adjustment.s. Plot a curve showing how the current 

' A signal generator may be used to provide the signal and is in facU preferable for purposed 
of measurement. 
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varies ns the ndjustim'nt is nitci'ed, nsinj; as ahst-issae tlio reacliiifi> on 
tlio scale provided. Tliis ^ives a resonance enrve for the receiving sot 
under these conditions. 

If the self-indnctanco and the capacity are both variable, carry out 
the experiment first with a constant self-inductance, varying the natural 
frequency of the set by altering the capacit_\-. Then repeat the experi¬ 
ment with the ca{)acity kept constant at some suitable value, the varia¬ 
tion being now obtained by altering the self-imluctance. Separate 
resonance curvc.s shouhl be plott«*tl for these two sets of observations. 

Substitute a zincite-bornite or other form of ‘two-crystal’ detector 
for the galcna-catwhisker tletector first used, and repeat the exi)eriinent. 
Note the difference between the sharpness of the resonance obtained 
when different types of detectors are used. 


Note.—I f tlie micro-ammeter used is not a centre-zero instrument, but 
indicates current in one direction only, take care to see that it is connected 
the right way round. If it is known that signals are }>eing received (by 
trying’with the telephones again) reverse tlie connections to the micro- 
ammeter if no deflection is obtainable. 


It will be found that the resonance curve is much sharper with a 
crystal detector of high resistance than with one of low resistance. 
Verify that this is so by measuring the resistances of the two detectors 

as described in Expt. 264. 

For the detection of electromagnetic waves by methods employing 
valves, see Chapter XII. 
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THEKMIONK’ VALVES 

§ 1. Emission or Klectbuns from Hot Bodies 

When a metal is lieatecl. it tends to lose negative electricity and thus 
to aecinirc a positive ciiargc. At ordinary temperatures the effect is 
negligibly small but it assumes importance at temperatures round 

about 1000° C. 

The negative electricity leaves the metal as electrons, which are 
particles of negative electricity cacli having a charge of magnitude 
-e= -4-8025 X 10“^® electrostatic units or -1*6020x10““ absolute 
electromagnetic units, tliat is - 1*6020 x 10“'® coulomb. The mass w 

of the electron is 9*1066 x 10““ gm. 

The emission of electrons from a hot metal is an effect analogous 
to the emission of molecules of vapour from the free surface of a liquid. 
Just as in an enclo.sed space the rate of evaporation is in time balanced 
by the rate at which molecules return to the liquid, so with the emission 
of electrons a state of equilibrium is established. The role of the 
saturated vapour i.s taken by a cloud of free electrons which constitute 
a space-charge around the metal. The density of this space-charge 
depends on the temperature and increases as the temperature is raised. 

These conditions are modified if an electric field exists in the 
neighbourhood of tlie hot metal. When the hot metal is surrounded 
by a conductor maintained at a lower potential, a field is produced 
which tends to drive the electrons back into the emitter thereby 
reducing the space-charge. If, on the other hand, the conductor is 
maintained at a higher potential than that of the hot metal, electrons 
in tlic s])ace-charge will be attracted towards the surrounding con¬ 
ductor and will pass across the intervening space as a steady stream. 
This constitutes a thermionic current. The direction of the con¬ 
ventional current is, of course, opposite to that of tlie electron flow. 

The space-charge produces a screening effect similar to that of a 
conductor, so that if the difference of potential is small, comparatively 
few of tlie electrons present will pass across to the surrounding con¬ 
ductor. As the strength of the electric field is increased more electrons 
will join in the stream until, with a sufficiently intense field, the electrons 
will all be swept aw’ay as fast as they are emitted by the hot metal. 
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A fvirthor increase in the strength of tlie field cannot then canse any 
furtlier inerease in the cuiient : tins linhtinji value of the tlieiinionic* 
current is called the saturation current. If N is the nuinher of electrons 
emitted per second by the hot metal, a quantity which depends on 
the temperature and on the area and nature of the emitting surface, 
and - c is the charge on one electron, the value of the saturation current 


is given by the product Xe. 

The rate of emission of electrons depends very much on the par¬ 
ticular metal from which the emission takes place and is limited by 
the temperature to which the metal can safely be heated. When 
tungsten is impregnated with thorium oxide, the rate of emission is 
greatly increased. The emission from oxides of the alkaline earths is 
also much greater than that from pure metals under .similar conditions. 

In a detailed discussion of the thermionic current the initial velocity 
of the electrons on emis.sion must be taken into account. These 
velocities are distributed over a considerable range but the average 
velocity is not large ; for most practical purposes, therefore, the initial 


velocity may be neglected. 

A liot body which is emitting electrons is cooled by the loss of the 
electrons just as a li({uid is cooled by evaporation. This effect can 
easily be seen by wateliing a bright, hot tungsten filament when the 
potential of a surrounding conductor is suddenly raised from a value 
approximately equal to that of the filament to a value about 100 volts 
higher It will be observed that the brightness of the filament falls 
off appreciably wlien the potential of the surrounding conductor is 


raised. 

The conductor to which the electrons are attracted becomes appreci¬ 
ably heated by the ‘ bombardment ’ with electrons to which it is 
subjected. The electrons are absorbed by the conductor and tlie 
kinetic energy of the electrons transferred to the conductor appears 

in the form of heat. 


§ 2. The Two-Electrode Valve or Diode 

The phenomena deserihed in the preceding paragrapli can oidy be 
studied satisfactorily if the l.ot metal and tl.e surrounding conductor 
are enclosed in an evacuated vessel, with suitable connecting wires 
sealed through the walls. The first recorded observation of such 
effects was made by Edison in 1884. Edison mounted a metal plate 
between the limbs of a horse-shoe-shaped filament of Ins electric lamp 
and observed that, under suitable conditions, a current passed between 
the plate and the filament. It was not untd many years later that 
this was shot™ to be due to the emission of electrons from the hot 

filament. 
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Iti Fleming designed and constructed what he called an 

‘ oscillation valve in which a thermionic current was used as a means 
of detec ting high-frecjuenc-y electromagnetic oscillations. In Fleming’s 
valve two electrodes were mounted inside an evacuated glass tube. 
The cathode was in the form of a metal filament, while the plate or 




Copper 
.^Cyiinaer 


Tungsten 
y^Fitameni 


FK'. —TIh* Flemlriff 
Valve, for rccUfyiiii: 
oscillitioii:} 


anode was a ])late or cylinder mounted close to or 
surrounding the cathode. The filament was directly 
lieated by passing a current through it from a small 
hatterv of accumulators, and it then emitted elec¬ 
trons. The electrodes were connected to the circuit 
in which tlie electric oscillations were taking place, 
and since the electrons can flow only from the 
cathode to tlie anode the thermionic current flowed 
only during the ‘ positive ’ half of each oscillation. 
This property of producing rectification of the oscil¬ 
lations can be used for their detection as already 
described in Chapter XI. Apart from its use as a 
detector tliis two-electrode valve or diode is used as 


a rectifier of alternating current, for charging secondary cells, or for 
operating radio and X-ray equipment. 

When thoriated or o.xide-coatcd filaments were introduced, these 
were operated at much lower temperatures than the pure tungsten 
filaments previously employed. These were called duU-emitters, 
operating as they did at a dull red heat which was sometimes hardly 
visible, to distinguish them from tlie brigiit-eniitters run at a bright 
red or almost white heat. Modern valves frequently employ indirectly 
heated cathodes. In these the filament is merely a heating element or 
heater. It is enclosed in a fine metal tube which is oxide-coated 
and forms the actual cathcxle, generally insulated electrically from 
the heater. The indirectly heated catliode offers several advantages 
over the directly heated type. It is possible to maintain the cathode 
at a uniform potential throughout its length, and heating may be 
accomplished either by means of D.C. or A.C. without causing fluctua¬ 
tions of the cathode potential. In reckoning the number of electrodes 
in a valve the heater is not counted. 


§ 3. The Three-Electrode Valve or Triode 

A very great advance in the development of thermionic valves was 
made by de Forest, who introduced a third electrode to form a three- 
electrode valve or triode. The additional electrode is of an open mesh 
or spiral structure and is situated between the cathode and the anode. 
It is referred to as the grid {Fig. 314). 

The way in which a triode behaves depends to a great extent on the 
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Fni. 314.—K.irly Tvi«* r>f ThrPi'-rlooJnxlc Valvp or 
Trio.le. (1) siraiirht niani<-iit Mirronii.IO'l by Hio 
Kfi'l iw :in oiH-n !.i>iral of «irc, ami tin* jilaU* as .a 
cyliii.ler of tliin niet.U. (iO A ronvontioiial inctluxl 
of rc]>ro:iciititiu tlie valve In 


size niifi disposition of tlie electrodes and on such details as tlie ]>ro- 
portion of oijen space in the jirid. The general liehavionr f>f a triode 
can be discussed, however, without referenoe to tlte.se details. It is 
convenient wlien dealing witli the tlieory f>f valves to consider tlie 
cathode to be at zero jiotential. The jiotential of any other elcctrodi; 
is tlien referred to that of tlie 
cathode. When tlie eatlnxle is 
directly' licated its potential is 
not uniform throughout its 
length, and in this case tlie 
negative end of the cathode 
is cliosen as the point of zero 
potential. 

Just as in the diode, cur¬ 
rent can flow in the trioilc only 
when the anode is at a positive 
potential. The presence of the 
grid, wlien thi.s electrode is 
maintained at zero potential, 

will shield the cathode more 
or less from the field of the anode. Because tlie field near the catliodc 

is considerably weakened in this way the number of electrons escaping 
from the space-charge will be substantially reduced ; a few of these 
electrons will be caught up by the grid, but most of tlioso escaping 
from the space-charge will cross over to the anode. It follows, there¬ 
fore, that tlie anode current is considerably reduced by the introduction 
of the grid. The electrons going to the grid will constitute a gnd current, 
but with the grid at zero potential this current will be extremely 

If a positive potential is now applied to the grid, the field near the 
cathode will be strengthened and the flow of electrons from the space 
charge will l>e increased. Most of these electrons will still pass thrmxgh 
the spaces in the grid and travel on to the anode, so that raising the 
grid potential increases the anode current. The grid current %m 11 also 
increase since the grid will tend to trap more electrons when it is 
positive than when it is at zero potential. This grid cuirciit is , 

serious disadvantage, so that positive grid potentials are generaUy 

b oidccl 

^ “Xn the grid potential is made negative, the escape of electrons is 
retarded and the anode current is diminished. If the negative poten a 
of the grid is made sufficiently large the .anode current can be reduced 
to r.ero. even when tho anode is at a high positive Potenfah ^is ^ 
called the condition of cut-off. Thus, if the potential of the ^ 
raised, the anode current is increased, and if the potential of the gnd is 
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lowered, the anode current is diminished. Moreover, because of the 
proximity of the grid to the catho<Ic, comparatively small variations 
of the grid potential can be made to control the magnitude of the anode 
current. 

\'alves with four or more electrodes arc now in common use. but a 
dcscTi[)tiou of the charaeteri.stics of these multi-eleetrode valves is 
beyond the scope of the present treatment. 

Before experiments are carried out on a particular valve, the con¬ 
nections from the electrodes to the pins in the valve base must be ascer¬ 
tained : wrong connections to the external circuit might cause damage 
to tlic valve. The voltage applied to the filament or lieater, and the 
potentials applied to the other electrodes, must be based on the oper¬ 
ating conditions specified by the manufacturers. Unduly high anode 
potentials or high ‘positive grid potentials must not be used, otherwise 
the anode may become overheated. 

For low-power valves with directly-heated cathodes the cathode- 
heating current may be supplied from a low-tension battery of one or 
more large-capacity secondary cells, the anode potential being pro¬ 
vided by a high-tension battery of small secondary or dry cells giving 
up to, say, loO volts, with tappings at intervals. A small battery 
vith tappings every U volts may be connected in series with the 
H.T. battery to give finer variations of anofle i)otential, if desired. 
A grid-bias battery with tappings every U volts is also needed, to give 
various grid potentials as recpiired, or a potential divider across a 
number of secondary cells may be used. The grid potential or grid- 
bias controls the anode current, as already described, and enables the 
valve to operate in the particular manner desired. 

Tlie negative end of the H.T. battery and one end, usually the posi¬ 
tive, of the G.B. battery must be connected to the cathode of the valve. 

Most modern valves have indirectly-heated cathodes consisting of 
a nickel tube coated with a ‘ dull-emitter ’ mixture of barium and 
strontium oxides, the nickel tube being heated internally by a loop or 
bundle of instilated tungsten wire through which alternating or direct 
current is passed. The nickel tube, w'hen the valve is in use, is con¬ 
nected to earth through a resistance connected in parallel with a 
‘ smoothing ’ condenser of capacity 1 mfd. to 5 mfd. The electrons 
emitted by the oxide coating of the cathode flow through this resist¬ 
ance as a ‘ negative ’ current from the earth, which maintains the 
cathode at a positive potential. With the grid earthed, therefore, 
tlie cathode is maintained at a higher potential than the grid, the 
resi.stance providing, in effect, a negative grid bias. 

For experimental work a variable ‘ biassing ’ resistance of 50,000 
ohms (max.) may be used, with a suitable milliammeter in series on 
the ‘ earth ’ side ; the ‘ effective ’ grid bias is then obtained as the 
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product of the resistance in actual use and tlie curr4-nt rc«;istered hy 
this milliammeler. 

}f the anode current re(|uire<I is in exc<“ss of in mA, the use of a 
power supply \init or )^o^^cr pack is the most satisfactory mefliod of 
obtaining the necessary anode potential. A suitable unit is described 
in § 9. 

The valves discussed in this .section are of the highly evacuatetl ty]w. 
Sometimes, for si)ecial purposes, a small (piantity of gas is tleliberately 
introduced, which considerably modifies the behaviour of the vaUe. 
The electric discharge in gases and the characteristics of gas-filled valves 
are dealt with in §§ 5 and 0. 


§4. The Cathode Rav Oscilloohath 

A modern form of cathode ray tube known as the cathode ray 
oscillograph (or oscilloscope) has jiroved of great value iii the accurate 
timing of events and in the study of high-frequency phenomena. It is 



similar in principle to the. tube introduced by Braun and used by 
J. J. Thomson for determining the value of e/m (cliarge/mass) for the 
electrons in tl.e cathode stream. Because of its charge an electron is 
acted npon by an electric field, and when in motion by a magnetic 
field ; its mass is exceedingly small, and consequently it responds to 

alternating potentials or to magnetic fields due to ugh 
currents. The resulting deflection of the beam is rendered visible hy 

means of a fluorescent screen inside the tube. , , , , „ 

The catliode ray tube (Fig. 315) is ai. evacuated tube shaped like a 

conical flask with a long cylhidrical neck. The large end of ^ ■ 

slightly rounded for the sake of mechanical strength, is coated ns de 

with luminescent material to form the screen. The 
contains the electrode system for obtaining a ooncentmted be m of 
electrons called the electron gun ; it comprises a cathode C, usually 
tadtctly Seated, a shield or grid S and a perforated anode A..4. 
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wliicli gctiorally iru-orporatcs an eIc-( tio.ic‘ P, the piirposc of wliieli is 
t(i fnciis the heain to a sharply defincfl spot on the seieen. Apart from 
the iiilineiiee of this eleetrode device, the behaviour of the electron 
^rnn is very niiicli that of a triode. The intensity of the beam and there¬ 
fore the lailliatiee of the spot is controlled by the potential of the shield. 

On emer^dng from the electron gun the beam passes througli tlie 
deflector system ; tins may consist of two pairs of parallel plates, tlie 
])Iane of tlie first pair Y 1 Y 2 being at right angles to that of tlie second 
]>air X 1 X 2 . If a difference of potential is applied between the X plates 
the luminous sjiot is deflected horizontally ; a potential difference 
applied to the Y plates produces an independent vertical deflection of 
tlie spot. Tlie plates are generally so designed that the deflection is 
jiroportional to the ilifference of potential, the sensitivity being different, 
liowcvci*, in the two directions. Alternatively, magnetic deflection 
can be produced by means of coils placed outside the tube. 

If the potential difference between one pair of plates is made to 
vary with time, the spot will sweep across the screen and, because of 
the afterglow of the screen an<l the persistence of vision, tlie spot will 
produce an ajiparently continuous trace, provided it travels with 
suflicient speed. A device which causes the sjiot to move across the 
screen in a predetermined fashion is called a time base, a very common 
form being a linear time base in which the spot moves from left to 
right at a uniform speed and then flics back rapidly to repeat the 
forward stroke at regular intervals. If an alternating potential differ¬ 
ence is now applied to the Y plates the spot will oscillate up and down, 
with tlie result that the wave-form of the potential is traced out on 
tlie screen. 

If two alternating potentials are applied simultaneously to the X 
and Y jilates, the two oscillations taking place simultaneously in 
directions at right angles to each other will produce Lissajou’s figures. 
These figures can be used as a means of comparing the two frequencies. 
Two alternating potentials — of the same frequency, but differing in 
phase — produce an ellipse. If the two amplitudes are made equal 
the ellipse passes from a straight line to a circle, as limiting cases, 
when the phase difference is varied from zero to 90 degrees. The phase 
rclationsliip can therefore be determined from the form of the ellipse. 
This provides a simple method of observing the phase relationship 
between the current in a circuit and the applied E.M.F. The phase 
of the current is the same as that of the P.D. across a pure resistance ; 
it can therefore be observ’ed by including a resistance in the circuit 
and applying the P.D. across its ends to one pair of plates, while the 
P.D. across the source of E.M.F. is applied to the other pair of plates. 

By making use of the phase-splitting property of a condenser and 
a resistance in series, it is possible to obtain an elliptical time base. 
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When a resistance K and a (•»)n<lenscr (' an* <(>nnect(“d in sinics. the 
current in both is in tlie same pliase ; conse<|ucnt Iv the IM). across 
C is 1)0° out of pliase witli 1 Ik* I*. I), aci'oss K. ('onnectinj^ the X plates 
across 11 and tlic Y plates across C j;ives an ellipse with its axes liuri- 
zontal and vertical. I'lie ri'lative values of t’ and K determine tiie 
shape of the ellipse at a given freijuency. The ellijitical time base is 
useful for the comparison of frecpieneies ; the unknown frecpiency is 
injected into the appropriate lead to the Y jilates, when the wave of 
unknown frequency is superposed on the cllij)se. 8ince the spot 


traverses the ellipse at the fitupicney of the time base, a simjile station¬ 
ary pattern will be observed wlicn the unknown frecjiiency is a whole 
multiple of the frecpiency of the time base ; the ratio is obtained by 
counting the number of jjositive peaks on tbc trace. 

In some instruments the beam is split into two by moans of a 
third Y plate in the centre of the beam so that a double trace is 
obtained on the screen. In the double-beam oscillograph the hori- 
zontal displacements of the two beams are synchronised, and inde¬ 
pendent variations of potential can be applied to the outer "i plates. 
Simultaneous traces of two wave-forms may be obtained in this 


wa3^ 

It is not possible to enumerate here all the many uses of the cathode 
ra}' oscillograph. It is used for the automatic tracing of curves ; for 
example, valve characteristics may be studied by applying the alter¬ 
nating grid potential, or anode potential, to the X plates and the anode 
current (or rather the P.D. produced in a resistance by the anode 
current) to tlie Y plates. Again, tlie hysteresis curves for samples of 
iron may be traced by means of the oscillograph. 

The cathode ray oscillograph is exten.sively used in radar, and it 
also finds applications in television. For television, linear time bases 
of different frequencies are applied simultaneously to both pairs of 
plates in such a way that the spot traces a series of parallel straight 
lines across tlie screen. These lines are so close together that they foim 
what appears to be a uniformly luminous rectangle called a raster. 
The television picture is reproduced by modulating the brilliance of 

the spot as it moves over the screen. 

A few simple applications of the cathode ray oscillograph are given 

in subsequent paragraphs. 


§ 5, Ionisation Currents in Gases 

When the vacuum in a thermionic tube is very high, the mean free 
path is so large that electrons pass from the cathode to the anode with 
very little chance of colliding with a gas molecule The very small 
amount of gas present in a high-vacuum tube, or hard valve, may tnere- 



FT. VI 


gj., A TEXT-BOOK OF FKA(“ 1 TCAL THVSirS 

fore be lu-fjleete.l in .lis. nssing tiie behaviour of tl.e valve l'> a. soft 
valve In apiueeiahle a.nount of gas is left in the tube, ami eolhs.ons 
between tile eleetrons ami the gas nioleeules take plaee If the imli- 
vidual ele. trons possess snffieient energy, disruption of 

and beeomes a positive ion. that is a positively ' ' 

the eleetrons e.vpelled may eontinue as free electrons or beeonae 
attached to other molecules to form negative ions. The negative > 0 ™ 
arc driven towarils the anode by the electric held in the tube, while 
the positive ions travel in the opposite direction. These oppositely 
charged ions moving ill opposite directions constitute an ionisation 
current which is added to the thermionic current. The 10 ns, m turn 
may acquire enough energy to produce further 10 ns on colliding with 
gas molecules. This proce.ss, called iomsation by collision, is therefore 
cumulative and the ionisation current tends to increase indeamtely. 

To prevent a catastroiihic increase of current, the electric intensity 
must now be decreased so that the rate of production of ions is reduced. 
This is most easily accomplislied by including a resistance of suitable 
magnitude in the circuit. When the circuit is closed, there is no current 
to begin with and the resistance in the circuit does not prevent the full 
potential difference being applied to the tube. As the current in the 
tube increases, so also does the potential difference across the external 
resistance, with a consequent reduction of the electric field in the tube. 

Ionisation currents may be produced without the aid of a hot 
cathode ; in this case it is generally necessary to apply very high 
potentials. The strength of the electric field required to start a dis¬ 
charge depends very much on the nature of the gas and on its pressure. 
At very low gas pressure it is practically impossible to produce a 
discharge in this way ; on the other hand, tubes containing neon are 
commonly used directly on the supply mains. These neon lamps are 
usually fitted with a suitable resistance in the cap to prevent undue 
increase in the current. 

The beha\dour of a neon tube is of considerable interest. When 
the gas in the tube is once ionised by applying a sufficiently high 
potential, it is found that the potential difference across the tube can 
be decreased considerably before the tube ceases to conduct. When 
tlie tube is conducting, very small changes in the P.D. across the tube 
cause considerable changes in tlie current. Consequent!}'^ if the circuit 
contains a sufficiently high resistance in series with the tube, quite 
considerable changes in the applied voltage produce very little effect 
on the P.D. across the tube. When the applied voltage is increased, 
the current increases and so does the P.D. across the external resistance. 
The net result is that the P.D. across the tube shows very little varia¬ 
tion ; in fact the effective resistance of the neon tube is almost in- 



CH. \U 


THKIOIIONIC VALVES 


013 


versely proporticuial to the ciirront. Het-auso of this 
tube piovidos a very iisofiil voltage stabiliser. 


ptopoity the neon 


Exi-y The Neon Tube. Ionisation Currents in Gases.—A noon 
lamp uithvHt a pniteetive |•(•sistaIl(•t• in the eap. or a nt‘on tube- of tlio 
t.\ ptt su[)j)li(Mi for \'oitaj'(* sta))iljsatioii, is coimeeted througli an extermil 
ro.-'istanee K, of say .ii) 0 (> oiiins. to a eontiimoiislv varial^le snpplv. 

A power jMiek (§ !1) with a j)olential di\ ich*r is v<'rv suital)le for tliis 
purpose. I wo v<>ltmetoi*s (0-250 X'olts) and a ii^illiainmetei' (O-lOO inA 
or more depending on the type of tube) are connected as shown in 
rig. 31G. 


Starting at about 100 \’olts, gradually increase the applio<l 
ami observe tJje potontiiil tlitYercMu-e \'. acro.ss tlu? tube, noting t 
value re^^c•llod ju.st bejon- the tul).* lights up. Xow reduce tl 
slowly ami observe the lowest \ alue 
of tlie potential ditYerenco across 
the tube just before tlie discharge 
C(*iise.s. This <lilYer<‘nco betwecai tlie 
striking and extinction value.s of the 
\’oltngo is of interest in eonnoction 
with the application of a neon tube 
in a time ba.se for u.se with a cathotle 
ra\‘ oscillograph. 

Now increase 
tage Vi in small 5 
corresi>onding values of V,, ami the current I, until the maximum 
permissible \'alue of the current has been reached. Note that, although 
the current \’aries considerably with the applicil voltage, the potential 
difference acro.ss the tube remains very neai-ly constant. Tlie experi¬ 
ment sliould bo repeated with tlifferent values of the resistance R, 
care being taken that K is alwax’s higli enough to prevent damage to 
tlie tube. 

Not <inly does the neon txibc compensate for variations in the supply 
voltage, l>ut it also compensates for changes in the current in the associ- 
at<*d circuit. If this current falls, an increase in voltage in the circuit is 
largely neutrali.sed by an increase in the current througli the noon tube. 
'J’his effect may be dernonstiuted by connecting a large \-ariable resist¬ 
ance, in series with a milllammeter, between the tw’o electrodes of the 
neon tube. The effectiveness of this device depends on the value of 
R in the stabilising circuit. 


voltage ; 
he liighost 
lo voltage 


the applied vol- 
teps and ob.serve 
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When a neon tube is used as a voltage stabiliser, the circuit across 
which the stabilised voltage is reejuired is connected directly across the 
neon tube. The voltage available is <letermiiied by the operating voltage 
of the tube but lower values can be obtained by the use of a suitable 
resistance in series with tlie circuit. If higher voltages are required, two 
or more neon tubes may be connected in series. 

In order to use a neon tube to provide a time base, a condenser is 
connected across the tube (Fig. 317 {a)). When a condenser of capacity C 
in series with a resistance R is connected to a battery of E.M.F. E, the 
condenser charges up exponentially ; the difference of potential V across 
the condenser, ut time t after the circuit is closed, is given by 

V = E(l-e-'"“). 

Plotting V against t gives the continuous smooth curve of Fig. 317 (6). 

If a neon tube is connected across the condenser, and if E is consider¬ 
ably greater than the striking potential Vi, the condenser will charge up 
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t« the Doitit A : tlio tub.- will tlu-ii Iktoiik; condiiftiiiK nml. if R is large 
compared with the resistance of the tube, the condenser 
rapidly tlir.aigh the tulie until the extinction potential \ * is leaclicd at the 
noint'B. The tube now ceases to conduct nnd the potential diffeienco 
across tlio condenser rises again to V, at the point C, and so on. This 
process is repeated at regular intervals, and the potential difference across 
the coiulenser is represented by the saw-tooth curve fhe time taken for 
the condens.-r to charge from V, to is dctenn.ncd by the product HC 
uiul by E. If E is increased the continuous curve of Fig. 31 1 (0) rises to 



a greater lieight, nnd consequently it is steeper in the region ViVj. In¬ 
creasing E therefore increases the frctjuency. If the product RC is increased 
the condenser charges more slowly, so that the frequency is decreased. 

With sufficiently large values of R and C the flashing may be made to 
take place quite slowly and the period can be determined by timing a 
suitable number of flashes with a stop clock or watch. When the product 
R(’ is decreased the frequency of the flaslics becomes greater and the best 
method of observing the flashes is by means of a cathode ray oscillograph. 

The circuit described above can be used as a time base by connecting 
the X plates of the oscillograph across the condenser. As the comlenser 
charges up (from B to C) the spot will move horizontally across the screen ; 
an amplifier will be necessary if a long trace is required. During the dis¬ 
charge (A to B) the spot will fly back quickly to its starting point ready 
for the next stroke. Tlie time of fly back should be short relatiye to the 
duration of the fonvard stroke. 

E\pt. 267. Neon Time Base.—Connect a variable resistance R of 
several hundred thousand ohms and a decade condenser box of 1 gF in 
series with a variable source of steady potential ; if a power pack (§ 9) 
is used the output must be very well smoothed. A neon tube is connected 
across the condenser (Fig. 317 (o)). Adjust the values of R» C, and E 
until the tube begins to flash, and observe the effect of varying each of 
these quantities in turn. 

Now connect the two sides of the condenser to the Y plates of a 
cathode ray oscillograph with a linear time base on the X plates and 
observe the wave-form. If the voltage E is low the upward stroke will 
show decided cui^’ature ; increasing E will increase the frequency of 
flashing and, at the same time, it wdll reduce the curvature of the trace. 

In order to study the effect of R and C on the frequency, switch off 
the ordinary time base of the oscillograph and replace it by the neon 
time base by connecting the condenser across the X plates. The output 
of a calibrated audio-frequency oscillator is applied to the Y platos and 
its frequency adjusted to give a stationary wave-trace. The frequency 
of the oscillator divided by the number of complete waves on, the trace 
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gives the frequency of tl..- t..-..,, ii„u- ha^e. Show, in tiiis wav. }h,w tlio 
fieijuency ot the neon time ha^e is relale.l to It au<l t<. ('. 

A time base of the form .i.*sci-il>eil can never I,.- trulv linear because 
of the curvature of the cliar;.'e .-nrve of the con.lenser. If the clmi'hie' 
ctiiTent can be iitnitecl to a constant \ahu‘ tlic con<lensi*r will tlaai charge 
at a uniform rate and a linear time base will result. This can be done hv 
replacing the resistance K by a saturated diode (see p. 505) or by a pentode 
(a valve with five electrodes). 

Tlie neon time base sutTers from seriovu? limitations. For liigli spei*d 
work a hard-valve time base is necessary. The action is then much more 
complicated but the fundamental piincijiles are the same. 


§ (i. *S()I-T \'.VLVES 

The effect of leaving an appreciable amotint of gas in a thermionic 
valve has been described at tlic beginning of § 5. The ionisation which 
takes place in a soft valv^e alters the behaviour of the valve to a marked 
extent. A suitably constructed valve will pass (piite large currents, 
and valv'es containing mercury vapotir are commonly used for con¬ 
verting an A.C. supply into a D.C. supply on a large scale. 

The gas-discharge triode has some interesting applications. The 
discharge in a gas-fillcd triode can be prevented from starting by 
applying a large enough negative potential to the giid. If the potential 
of the grid is graduall}’- raised (towards zero) a point will be readied 
when the valve begins to conduct. Mcanwliile there is a positive 
potential on the anode, and, as soon as anode current flows, ionisation 
takes place and the current increases rapidly until it is limited by 
external resistance. The grid is still at a negative potential, and, 
since it therefore attracts positive ions, a positive ion sheath forms 
around the grid. Tliis effectively puts the grid out of action, with the 
result that the grid no longer has control over the anode current. 
Consequently, lowering tlie grid potential will not stop the anode 
current once it has started, and tlie only way to stop the discharge is 
to reduce or remove the anode potential. 

A gas-discharge triode is used in place of a neon lamp in a soft- 
valve time base. It has the advantage of giving a much greater range 
of potential variation than a neon tube, and tlicreby removing the 
necessity of introducing an amplifier. Another interesting application 
is in the counting of a and ^ particles from radioactive substances. 
Each particle, on entering a speciall}*^ constructed ionisation chamber, 
causes a momentary ionisation current through the chamber. This 
current is made to raise the grid potential of the valve, which lias just 
sufficient negative bias to render it non-conducting, to the point 
where the discharge takes place. The relatively largo current through 
the valve is then made to operate a raeclianical counter ; at the same 
time the anode circuit is broken momentarily, thus resetting the valve. 
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Several very ingenious circuits liave been <lcvised, iiuiking use of a 
chain of gas discharge valves, so that the mechanical counter is operated 
only by every «th impulse ; this has the effect of increasing the speed 
of counting by overcoming the limit-jition imposed by the inertia of the 
mechanical device. 


§ 7. The Characteristics of a Diode 

The properties of a diode have been described in § 2. In the follow¬ 
ing experiments these properties are illustrated and their graphical 
representation explainetl. 

Exit. 208. Variation of Anode Current with Anode Potential.-—The 
circviit for this experiment is illustrated in Fig. 318 (a) for a directly 
heated valve, and in 318 (6) for an indirectly heated \-alve. 




Fio. 318.—Variation of Anode Current with .Aiiotlc Potential and with 

Heating Current (Diode) 


If a diode is not available a triodo may be converted into a diode 
by connecting the grid directly to the anode ; it is not sufficient to 
leave the grid iincoimected as its potential is then liable to vary and 
vitiate the experiment. When a triode is used in this way, the potentials 
applied to the anode, of which the grid now forms a part, must be con¬ 
siderably less than when the valve is being 
useti in the normal way as a triode. The 
value of the anode current serves as a 
useful guide to the permissible values of the 
anode potential. 

Vary the anode potential V* in small 
steps from zero up to the maximum per- 
missible value, and record the value of the 
anode current I* corresponding to each value 
of y*. Since the voltmeter passes an ap¬ 
preciable current, it is important that it 
should be connected so that this current 
does not flow through the milliammeter mA, 
, . hi addition to the anode current which is 

® Ia against V*; the resulting cuiwe 

(Fig. 319) IS the characteristic curve of the diode. 

Since the graph is not a straight line through the origin, it follows that 
Uiim s Law is not obeyed. The small value of the current forsmall potentials 



Fio. 31D.—Diode Characteristic 
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is due to space-charge limitation as already deseriho.l. while the horizontal 
part obtained with lar^a> vahu's of \\ represi'nts saturation or temperature 
llirutation. It is notnormalU- possible* to show saturation unless a bii>zlit- 
ernitter valve is available. To ol)tain sanitation with tin* normal hetttin^ 
current, an exeessiv«'l\' hijili xoltane would ha\o to be applied to the anoeh*. 
but if tile electron omission is eon.siilcrablv r(*<luce<l b\' d<*cr(“asin^ the 
beatinfj current it will then be possil.Ic to obtain the'complete curve 
Coated cathodes behave in rather a dilYerenf wav. and even with reduced 
temperatures the eurvt* continues to i ise slowly (broken line in Fig. ^IIH). 
The emission witli reduced tem|)eratur(* is lisdtir* to \ary and satisfactory 
results cannot usually be obtaiiu^d. Mori'over. it is not genernll\- adx isable 
to run a coat<‘<l cathode at a reduced temperature as this is lialile to causi' 
deterioration of the cathode. 


Exit. 2(>0. Variation of Anode Current with Filament Current.— 
\ ary tlie filament current of a bright-emitter diode from a low value u[) 
to the normal working value, and observe corresponding values of the 
anode current and the filament current Ik. when a sulliciently high 
anode potential is applied to produce saturation, at least approximately 
If the anodo current becomes c.\c<*ssive a.s the filament temperature 
inereasc.s, tlie experiment must bo stopped before tlio normal working 
temjierature is readied. The circuit nmmgernent is shown in Fig. 318(i. 
C’oatod catlioilos do not usually give very satisfactory rosult.s for reasons 
already mentioned. 

Plot a gi-aph of against I*"; the resulting curve sliows how tho 
rate of emission of electrons \aries with the lieating current. This 
\ariatiori of tho thermionic emission by means of a filament rheostat 
wivs, at one time, used as a means of controlling the behaviour of u 
\’alve, but, with tho introduction of coated cathodes, tho filament 
rheostat i.s now practically obsolete. 

The current in a saturated diode is independent of variation.s in 
the anode voltage within fairly wide limits. Under these conditions 
a diode included in a circuit provides a inean.s of preventing the cuiTeiit 
in tlie circuit from exceeding a given value determined by tlie tem¬ 
perature of tlie filament. A diode used in thi.s way is called a current 
limiter. 


§ 8. Rectification by Means of a Diode 

Rectification, or the process of transforming an alternating current 
into a uni-directional current has been described on pp. 49.5-.o00. 

Expt. 270. The Diode as a Rectifier.—The circuit illustrated in 
Fig. 320 provides a very convenient arrangement for examining the 
behaviour of a diode, both a lialf-wavc and as a full-wave rectifier. 
Tho valve is of tho typo us^l in the power-supply circuit of a radio 
receiver for operation on A.C. main.s. It consists of two diodes in one 
envelope, with separate anodes and with tho cathodes connected to¬ 
gether ; the cathodes, if of the indirectly lieatcd type, are sometiine.s 
connected to one end of the heater. 

A transformer giving about 100 volts output Ls connected to the 
extreme ends AI3 of a rheostat of sufficiently liigh rcsi.stancc to avoid 
overloading tho transformer, and also to the two anodes Aj and Aj. A 
key K is iiwerted in the lead to A,. The sliding contact C is connected 
through a resistance R of 500 ohms to carry 100 mA., and a D.C. milliain- 
meter (0-100 niA.) to the cathode. 
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(i) Half-wave Rectifier.—Tf tl.o koy K is Mt open, only one nnodo 
( nperate.s and the valve behaves os a half-wave rectifier. Vary the 
position of the sliding contact and thus vary the alternating potential 
applied to tlie anode A, from zero to the maximum value, observing the 
actual values V on an A.C. voltmeter of suitable range connected 
directlv nero.ss A and C. Observe the correspomlmg value.s of the O.C. 
current I and pint a graph of I again.st V. The form of the curve shows 
that. a.s the amiilitude of the A.C. potential i.s varied, the current is not 



4 

proportional to V. This effect i.s mo.st marketl at relatively low potentials 
and, when it occurs in a diode u.setl a.s a detector, can give ri.se to serious 
distortion of weak .signals. 

If the milliammcter is of the usual moving coil D.C. type, the fact 
tliat a deflection is obtained shows that the current is rlirect and not 
alternating. The current is, however, pulsating and this will be evident 
from the vibration of the needle which will be readily observable if the 
inertia of the moving coil system is not sufficiently largo to damp out 
the effect of the rapid pulses of current. 

* _ 

(ii) Full-wave Rectifier.—Set the sliding contact at the centre point 
of the rheostat, observing that the voltage V is now half the maximum 
value, and close the key K. \Vhen the alternating current is flowing in 
the direction AB, the point A and also the anode Aj is positive with 
respect to the cathode. At the .same time the anode Aj is negative with 
respect to the cathode. I'nder these conditions A, passes current while 
Aj does not. On the reverse half-cycle the conditions at A| and are 
reversed and A 2 passes current while A, is idle. It will be noticed that 
the current in the load resistance R Is in the same direction on both half¬ 
cycles. 

If K is now opened without altering the position of the sliding contact, 
the current, as indicated on the meter, will be seen to drop to half. This 
is because the effect of inertia in the meter is to give a reading corre¬ 
sponding to the average value of the current, and, since the full-wave 
rectifier gives twice as many pulses per second as the half-w'ave rectifier, 
the average value of the current is halved by changing over from full- 
wave to half-wave rectification. 

If a cathode ray oscillo^aph is available, it is most instructive to 
observe the form of the rectified current by connecting the ends G and Y 
of the load resistance R to the Y plates of the oscillograph, the X plates 
of which are connected to a linear time base. A trace of the form of 
Fig. 269 II will be obtained with full-w’ave rectification, and, when the 
key IS opened, every second peak wall be eliminated. 
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§ 9. PowKK Supply Units 

A radio receiver for operation on A.C. mains derives its liigli- 
tension supply from a transformer and rectifier, with the addition of 
a smoothing filter to eliminate the variations in the D.C. current from 
the rectifier. The .secondary winding of the transformer is tapped at 
its centre i)oint, and gives volts or more on each si<le of the centre 
tap. At least two additional secondaiy windings are required, one to 
provide the heater current for the rectifier valve and the other to 
supply the heaters of the other valves in the receiver ; these windings 
usually give 4 volts. The rectifier must obtain its heating current from 
a separate winding because the cathode of the rectifier is at a high 
positive potential witli respect to the cathodes of the other valves, 

A power supply unit or power pack is a very convenient accessory, 
made up separately for experimental purposes. A useful unit is illus¬ 
trated in Fig. 321. Cj and C 2 are electrolytic condensers of capacity 



8^F. Electrolytic condensers are used because these provide largo 
capacity in small bulk, but care invist be taken to observe the correct 
polarity and to see that the condensers are rated for a voltage at least 
50 per cent above the R.M.S. voltage of the transformer. Ch. is a 
choke of inductance 40 henries capable of carrying 100 or 120 mA. 
A fuse is included to protect the transformer and tlie rectifier from the 

effect of an accidental short-circuit. 

The action of the smoothing filter comprising the choke and con¬ 
densers may be understood by regarding the rectified current as 
consisting of two components, one D.C. and the other A.C. The 
condensers which are in paraUel with the external circuit tend to 
absorb the A.C. component, being charged by the pulses of current 
from the rectifier, and discharging through the external circuit when 
the rectifier current is low ; this tends to maintain a steadier current 
in the external circuit. Tlie smoothing effect is further increased by 
the large inductance of the choke Ch. connected in series. The reservoir 
condenser C^ should not normally have a capacity in excess of 8/xh, 
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but the capacity of (U inay be increased witli advantage. If more 
complete smoothing is required, further chokes and coiiden.scrs may 
be added, but this will not be necessary for most purposes. 

The corulensers may retain their cliarge for a considerable time when 
the mains su|)ply is switched off, with the power pack on open circuit. 
Severe sliocks may result on liandling tlie apparatus in this condition, 
but tlie risk may be avoided by connecting a high resistance of say 
100,000 ohms across the output terminals. A variable output voltage 
may be obtained by the use of a potential divider ; this should have a 
resistance of 5000 ohms and be capable of carrying a current of 100 raA. 

Expt. 271. Smoothing Filters.—In order to demonstrate the effect of 
smoothing filters, a les.s efficient filter than that described above is more 
suitable .since the remaining ripple is then more marked. The electrolytic 
condensers should be rcplace<l by condcn.sers of smaller capacity, .say 
2 The voltage rating of those comleusers should be sufficiently 
high to avoid the risk of hreak-<lo\Nn. 

Apply the output, suitably- rerJiiccd by means of a potential divider, 
to a catho(lc-rny oscillograph with a linear time-base ; tlie arrangement 
of Fig. 320 can, of course, bo usetl if jirefcrrerl with the addition of tlio 
sinootliing filter ns in b'ig. 321. Observe the effect of the different com¬ 
ponents of the filter by inserting C't alone, Ch alone, Ch and Cj omitting 
and finally all three components. The effect with both half-wave 
nn<l full-wave rectification should be examined. 


§ 10. The Charactehistics of a Triode 

The properties of triodes, described in § 3, are conveniently ex¬ 
pressed in the form of a set of characteristic curves. From such a set 

of curves the suitability of a 
valve for one particular pur¬ 
pose or another can be de¬ 
duced and the appropriate 
operating conditions predic¬ 
ted. The properties of a 
valve can also be expressed 
in terms of certain constants 
or parameters which may 
readily be found from a set 
of characteristic curves. The method of obtaining these curves and 
of deducing the value of the parameters is described below. 

Exit. 272. Variation of Anode Current with Anode Potential._ 

Anode Characteristics.—This experiment is similar to Expt. 268 except 
that the diode i.s rcplaee<l by a triode, the grid of which is connected to 
the cathode through a grid-bias battery. A reversing key K (Fig. 322) 
is inserted so that the grid potential may bo made either positive or 
negative. 

Witli the grid at zero potential (grid connected directly to cathode), 
make a series of obser\'ation8 of 1^ and as in Expt. 268. Repeat for 



KiG. 322.—DeUTnilrmtion of Characteristic Curves 

of a Trioilc 
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a senes of fixed values of the jni.l potential V,; at iiilcMvals of. sav. 1 
volts from 4-.J to - !> volts. 1'he actual values of chosen will den.-iKf. 
as will tlio other potentials, on the type of valve ; the fi<ruivs uiven will 
bo .suitahlo for a small-iiower battery type of valve. 

Plot a .set of curves, one for each value of on the same (liaLnain • 
tlie.se curves are the anode characteristics of the trkxle (Fij;. 32;i). Note 
the similarity of the eiir\’es 
to the cliaracteristic cur\-e of 
a diode ; and obserxa* the 
effect of pi-id-bias in sbiftiritf 
the curve to tb<‘ ripbt or the 
left, without matei-ially alter¬ 
ing its form except wlieti the 
grid potential is positi\'o. 

After the initial portion, 
where the anode current is 
limited by the space-charge, 
the cur\’e.s become practically 
straight lines. 

The ‘ straiglit ’ part of the 
characteristic is of great im¬ 
portance in connection with the 
operation of the valve. Select 
two points A and B on the 
straight part of one of the 
curves in Fig. 323, and con¬ 
struct the riglit-anglccl triangle 
ABC as shown. So long as A 
and B Ho on a given straight liiu*, 
the ratio A(’/CB is constant ; 
in other words the cpiotient 

is constant. 'J’his <juoticnt which will bo represented by has 
the physicfd diminaions of rc.sistanco. I'he true resistance of a conductor, 
as defined by Ohm’s Law, is the (pioticnt V/I. For a linear conductor (a 
conductor who.se resistance is constant) the same result is obtained by 
taking the quotient AV/AI. This is not true of a valve, since the value 
of Va/Ia depends on tlio value of and is not constant. is not the true 
resistance of the valve, but it measures the effective resistance so far as 
changes in Va and 1^ are concerned. R.^ gives no information regaixling the 
connection between the actual values of 1,4 and Va» but it does provide a 
means of calculating the change in anode current which results from a 
given change of anode potential. It is therefore a most important quantity 
since, in practice, variations in the anoile current are far more important 
than the actual values. 

Tlio parameter Ra is measured by the reciprocal of the slope of the 
characteristic curve, and so it is calleii the anode-slope resistance or the differ¬ 
ential anode resistance. These terms are often sliort(*n(*d to anode resistance or to 
A.C. resistance, the latter term emphasising the nature of the quantity referred 
to. The term anode impedance is very commonly used, but its use is not alto¬ 
gether above criticism. 

The value of Ra or AC/CB, obtained from Fig. 323, is 

(50 volts)/(4 1 X 10 amp.) 

or approximately 12,000 ohms. . , j 

Moving from one curve to the next along a vertical line corresponds 
to changing the grid potential while keeping the anode potential constant, 
whereas moving along a given curve coi’responds to varying \ a. while keej> 
ing Vu constant. It wiU be observed that a small change AVc m the grid 
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potpjitial is as (‘ff<' 0 (i\’o in chnnping anofle current as n much larger 
cljantio A\'.v i'l tla* anode potential. Asa consccpicnco tlie triode can bo 
used ns an amf)lifier, and the ratio of the changes AVj^ and AV^ whicli 
proiluc e tlio same change in is called the amplification factor of the valve. 
Tiiis can bo looked at in n different way ; if is increased by an amount 
A^’,^ file anode cutT«‘nt will increase, but its original value can be restored 
by reflucing b_\ an appropriate amount AVj^. The amplification factor 
H is tluai determined by the relation 

;i= AV^/AVo (Ia constant). 

As an example consider the two points X and Y on two different 
curves (Fig. chosen .so that i.s the siime for both points. 

I’lio length XY gives A\’^, while AV^ is the difference in the values of 
Vii for the two curves in question. The values obtained from the diagram 
are: S\\ etjua! to 40 volts and AVo 4 volts, making fi. equal to 40/4 or 10. 

'J'hore is a tliird parameter, the mutual conductance g„, related to and n 
by flic eciuation m = K.v significance of g„ will be discussed in 

connection witli the next experiment. Its value for the valve in the above 
e.\aiii[)le is 10 (12,000 ohms) or 0-83 inA/volt. 

Select points, corresponding to normal working conditions, on the 
curves obtninetl by experiment ; and determine the values of the pnra- 
inetois /x. and g„. The type of valve to whicli these values refer 
and the conditions under which they were obtained should be specified 
when stating the results. 


The characteristics of a triode can be represented graphically in 

another way. Curves can be 
drawn for a set of fixed values 
of the anode potential, to show 
how the anode current varies 
with grid potential. To distin¬ 
guish these curves from those 
previously described, the term 
mutual characteristics is applied. 
A set of mutual characteristics is 
showTi in Fig. 324, referring to 
the same valve as do the curves 
of Fig. 323. 

Expt. 273. Variation of Anode 

Current with Grid Potential_ 

Mutual Characteristics.—To obtain 
the mutual characteristics chooso 
several values of at regular 
intervals of some 10 or 20 volts 
in tho neighbourhood of the nor¬ 
mal working value of V^. Keeping 

Va constant, make a series of ob¬ 
servations of corresponding values 
of and Vn. \Vheii Vo is being 
1 • • , , altered, it is well to arrange that 

the pid circuit IS never broken while there is a high notential on the 

anode. One of the plugs should therefore be removed from the H T 
battery while the tapping on the G.B. battery ia being changed, or a key 
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may be includocl in tlio anotlc lead. Plot a sot of mntnal characteristics 
as in tig. 324. Choose the .straiglit part of tlie characteristic corre¬ 
sponding to the normal working value of V„. and determine the slope of 
tlie curve, This is the mutual conductance, Al^ A\',. which 

measures the rate of change of anode current with grid potential.” From 
Fig. 324 it will be seen that ha.s the value 3 3/4 or 0-83 mA/volt for 
tlie valve in cpiestion. 

The amplification factor /x can be found by taking two points P nn<l 
0, on different curves, sueli that has the same value for both points. 
AV'o, represented PQ, is 2 u volts wliilc A\\ is 2o volts, tho difterenco 
in the values of \\ for the two curvc.s. Now /x = A\\/AV,., {1^ constant), 
giving /x= 10. 

Finally, can be found from the relation 


M \ gm. 

an expression which can he verified by substitution as follows : 

,x-^(AWAU) X (AI.JAV«)- -i\VAV(; 

when Al^ lias the same value in eacJi case. Tho value of in the 
example, which is typical of a small battery-operated audio-freijuency 
amplifying valve, is nlg^ = 10/(0 83 mA/V)= 12 VImA or 12,000 ohms. 

The quanties R^, g„, and ^ can thus be determined either from a set of 
anode characteristics or from a set of mutual characteristics. The term 
‘ parameters ’ is preferable to the term * constants ’ in referring to these 
quantities, because tho actual values obtained tlepcnd to 3ome extent on 
the vaUies of \\ and for which they are calculated. The conditions 
and V^) under which they arc determined should always be specified. 


§ II. Grid Current 

Wlien the grkl is at a positive potential (relative to the catliode), 
current will flow in the grid circuit since the grid behaves in this 
respect in mucli the same way as the anode of a diode. This may 
jiioduce undesirable efPect.s ; current which goes to the grid does not 
reach the anode so tliat the presence of grid current reduces the value 
of the anode current, but a more serious consequence is that when 
grid current flows the valve draw's energy from the source. For this 
reason it is usual to arrange matters so that the grid never becomes 
positive ; there arc, however, exceptions to this general rule. 

Suppose, for instance, that an alternating potential of 2 volts 
R.M.S. is applied to the grid, equivalent to 2-8 volts peak value or 
amplitude. To avoid the grid potential becoming positive at any time, 
grid-bias of at least -3 volts must be applied. This may be done by 
connecting a 3-volt battery in series with the source of alternating 
potential, the positive end of this battery being connected to the 

cathode. 

Expt 274 Measurement of Grid Current.—Under ordinary condi¬ 
tions the gi-id current is very small. A microammoter will therefore be 
reiiuired and it should be inserted in the grid circuit (between K and the 
grid in Fig 322). With normal values of the anode potential, only very 
small positive grid potentials can be applied on account of the large 
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ifsiiltin^ aiifulo rurreut. (Jrid current may bo observed more easily if 
t)i<- un.xU- is rodiiced to. say, oO volts. Under these conditions 

tlie ^n.l |.olentinl may be increased consiflerably, the grid current 
ineasiii«'<i aial tiic clTect on the anode current observed at the same time. 


§ 12. Thk Triode as an Amplifier 

Because of tlie fact, already referred to in § 10, tliat a small change 
of grid potential can jjroduce relatively large changes in the anode 
current, the triode can he used to amplify .small variations of potential. 
That is to any, a certain change of potential A \',5 applied to the grid 
can be made to produce a larger variation of potential AV in some 
other part of the circuit. The amount of amplification produced is 
measured by the ratio AV/AVo which is called the voltage amplification 
of the circaiit. 

The simplest way of obtaining voltage amj)lification is by inserting 
a resistance R. known as the anode load resistance, in the anode circuit. 
Since the anode current flows through this resistance, there will be a 
drop of potential ecjual to RIa, between the ends of R. An increase 
A\'r. of grid potential will give rise to an increase AIa in the anode 
current and an increase AV equal to RAIa in the P.D. across R. 
Under suitable conditions AV will be greater than AVo, and amplifi¬ 
cation results. 

When an alternating potential of any wave-form is applied to an 
ainjdifier, it is usually required to produce an amplified potential wave 
of the same form ; that is, the wave-form should not be distorted. 
To attain this result the conditions of operation must be adjusted so 
that the applied potential does not, at any time, carry the operating 
point off the straight part of the characteristic curves of the valve. 
It will therefore be sufficient, in discussing the beha\iour of an ampli¬ 
fier, to treat the cliaracteristics as straight lines and the valve para¬ 
meters Ra, Qm, and p. as constants. Since there is nearly always a 
small amount of curvature, even in the so-called straight parts of the 
cliaractcristics, there will always be a small amount of distortion 
jirescnt. This may, however, be neglected in an elementary treat¬ 
ment. 

Tlie first point that must be emphasised is that, oiving to the 
drop of potential V in the load resistance, the actual anode potential 
is less than the potential difference across the H.T. battery by an 
amount V. Moreover, when the anode current varies in consequence 
of the varying grid potential, the anode potential is no longer constant. 
In fact, a little consideration will show that an increase in V„ is accom¬ 
panied by a decrease in The mutual characteristics of Fig. 324 
cannot therefore be used directly to determine the variation of anode 
current with grid potential in an amplifier. 
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Tlie curves of Fi^. 324 
because they are obtained 
anode potential. A similar 
set of curves can be drawn 
for various constant values 
of the H. T’.i’o/h/f/c, instead of 
constant anode potentials, 
and tliese are called d 5 rna- 
mic characteristics. The 
jneci.se form of the djmamic 
characteristics depends not 
only on the valve but al.so 
on the value of tlie load re- 


arc referred to as static characteristics 
und(.-r static (in- constant) I'ondition.s of 



sistance ; they relate therefore not to the valve hut to the circuit as a whole. 
To obtain dynamic characteristics the circuit should be arranged as in 
Fig. 325. From a dynamic characteristic the value of AI.^, corrcspoiid- 
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ing to a given value of A\\i, 
can be read off. KAI^ is the 
change in the P.D. aero.ss K and 
consequently* the voltage ampli¬ 
fication AV/AVu or KAI.^/A\'u 
can be determined. 

It is convenient, however, to 
be able to calculate the voltage 
amplification from the values of 
the valve parameters. In order 
to derive an c.xprcssion for the 
voltage amplification it is neces¬ 
sary to investigate the relation 
between and Vq under the 
conditions existing in the cir¬ 
cuit. In Fig. 326, AP and BQ 
are the straight portions of two 
static (mutual) characteristics 
corresponding to V^i and V^o. 
Consider the point A; this 
point corresponds to the poten¬ 
tials Vqi and V^i and to the 
anode current I^i- If Vq in¬ 
creases to Vos while Va remains 


constant, the operating point moves along AP to C. The slope of AP 
is g,„, the mutual conductance, and therefore the equation of AP is 

Ia ~ o "f* ^0» 


where lo is the anode current (OP) at zero grid potential. 
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Vx does not remain constant however, and as \\ is clianged tlic 
slope of the characteristic remains constant hut 1„ does not. Since lo 
is the anode current for zero grid potential, the way in which lo varies 
witli \\ is represented by tlie ancxle characteristic for Vo zero (Fig. 323). 
The equation of this characteristic is 

lo == ^ ^ 


I /Rbeing tlie slojjc of tlie ciiaracteristic and k a constant. Subst ituting 
for lo in tlie previous equation gives 

Ia = ffmVo + A + 

If E is the H.T. voltage and V the drop of potential in R (Fig. 325), 
then 

V^ = E-V = E-RI^. 

^ „ E-RI^ , 

Ia H--1 k, 


Therefore 
or since E and Ra arc constants, 


Ra 


r 


Ia = 9™Vu-^ Ia + I'. 


Collecting terms in Ia gives 




This is the equation of the line AB along which the operating point 
actually moves — the dynamic characteristic. 

At A + 

and at B Ia 2 

Subtracting these two equations and multiplying both sides by R 
leads to the result 

RAI*(?^^) = Ry„AV„, 

RAfl^m=/A and RAIa = AV, 

av/av„=^(j^j,-J. 

Consequently the amount of amplification which can be obtained 
by this method is equal to the product of the amplification factor ^ 
of the valve and the factor R/(R + Ra). The amplification is therefore 
always less than /i, but approaches yx as R becomes very large. In 


or 

Since 


— — a V + A*' 
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j.mctico tl.e value of li is liruiled l.y tiie fa< ( that uheii It is v< rv lar-e 
the potential drop \ is also laij^e, so that umeasoiialiI\- Iul'Ii \ ahK‘s of 
the H.T. voltage would he iei|uired in order to provide the noeessary 
working iwtential at the anode. On the other hand, if U is too snia'll 
the lesidting amplification is also small. A satisfactory eomjjroniiso is 
usually obtained by choosing K in the region of or twi<-e The 
voltage amplification when R is ecpial to R., is i a, and when R is eoual 
to 2 Ra it is 5 /X. 


Expt. 275. Amplification produced by a Triode.—Tho most direct 
method of studying the ainfjlilieation of a triode circuit is to connect a 
voltmeter of range 100 or 200 v(dts across tlie resistance iiwTte<l in tho 
anode circuit {It in Fig. 325). The voltmeter must have a higli resistance, 
and even then tho shunting efTect of the voltmeter must be taken into 
account; thi.s moans that the value of tho haul rosistanco R in the 
above formula for the voltage amplification must be taken ciiuul to the 
resultant resistance of the parallel c(nnbination. The voltmeter will read 
directly the actual drop of potential V in tho resultant lon<l resistance. 
An alternative method which Ls perhaps even more instructixe is to 
measure the anode current by means of a milliammoter and to calculate 
from tho product RI^. 

In tho first place tho operating potentials should be chosen to corre- 
.spond to normal working conclitions. This can ho done by .selectitig a 
suitable point on the static mutual characteristics, such as P in Fig. 324, 
and reading off the corrcs[)onding vahics of V^; and 1^. Sotting V„ at 
tho determined value, atljust tho H.T. voltage E until the apiJiopriato 
value of 1^ is obtained. E will bo considerably greater than for tho 
static characteristic on which P is situatetl. Now keeping E constant 
vary anti plot a gi-uph of against V<j. This is a dynamic character¬ 
istic corresponding to the chosen values of E and R. and it is instructi\’o 
to plot tliis curve on to[) of the static characteristics aliendy obtairu^d 
for tho .same valve. This should be done for two values of R in tho 


neighbourhood of and of 2 R^. 

The slope of the dynamic cliaracteri.stic is Al^/AV<. under d;/namic 
conditions, and since RAI^ is equal to AV the voltage amplification 
AV/AVq can readily be calculated for each value of tlie load resistance. 

Compare the re.sults witli tlie values obtained from 

When an alternating potential is appliefl to tlie grid of an amplifier, 
the operating point moves along the dynamic characteristic, and not 
along the static characteristic. Tlie extent to wliich tho <lynamic charac¬ 
teristic departs from a straight line gives a good indication, therefore, of 
the extent to wliich the amplified signal will be distorted. 


The type of amplifier described above is very wfidely used, especially 
for amplification at audio-frequencies. There are, however, other 
possible arrangements. The disadvantage of tlie resistance load in 
dropping a considerable portion of the H.T. voltage may be overcome 
by replacing the resistance by a low-frequency choke, an iron-cored 
coil of large self-inductance. The impedance of tliis coil (see pp. 463- 
464) now provides the anode load so far as the alternating component 
of tlie anode current is concerned ; it therefore determines the ampli¬ 
fication obtained. The resistance of the coil may, however, be made 
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n-lativclv small so that the mean anode potential, that corresponding 
to tl.e \).V. component <.f the anode current, is not much less than he 
Ji 'l', voltage aiiplied. Since the amplification is determined 
iiniK'dance of the choke, its value varies with the frequency and falls 
otl rapidly at low fre<,ueneies. Tlie inductance of the choke must 
therefore he made sufficiently large to ensure that the rate of change 
of amplification with fretiueiicy is not too great even at the lowest 
freiincncies with which the amplifier may have to deal. On the other 
hand if the inductance is made too large a very large number of turns 
of u ire will be required, and this introduces an undesirable stray capacity 
between turns. Also, hystere.sis in the iron core tends to introduce 
liistortion particularly if tlie iron core is near tlie saturation point. 

It is frequently n'ecc.ssary to employ several ‘ stages ’ of amplifica¬ 
tion, the output from one .stage being ap])lied to another stage. This 
is done by applying tlie varying potential of the anode of one valve 



to the grid of the next. The anode is, however, at a high positive 
potential and this potential must obviously be prevented from reaching 
the grid of the next valve. The desired result is easily obtained by 
interposing a condenser, which should have a sufficiently large capacity 
to make its reactance small even at the lowest frequencies involved. 

At the same time the grid potential must have its mean value 
adjusted to give the necessary operating conditions. This is done by 
connecting the grid to the cathode through a very liigh resistance, or 
grid-leak, and a grid-bias battery. The value of the grid-leak resistance 
must be sufficiently high to enable the grid to follow the potential varia¬ 
tions applied to it by the preceding valve, and yet not high enough to 
prevent any accumulated charges on the grid from leaking away. 

Fig. 327 shows a two-stage resistance-coupled amplifier. For an 
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audio-frequency amplifier, typical values of the components C ,5 and i<,. 
are C,, =0-1 /aF, Ry = 1 .Mil. The values of R, and R^ "ill depentl on the 
particular valves used. A condenser C oi say 2 fiF is connected across 
the H.T. battery so that the alternating components of the anode 
currents may not set up variations of jjotential across the internal 
resistance of the H.T. battery. The circuit of a choke-coupled amplifier 
is the same as that for resistance coujjling, except that a choke rejdaces 
the load resistance. 

Transformer coupling is also commonly cm])loyed, ])articularly 
between the final stages of an audio-fre(iuency amplifier. The anode 
load of one valve is the primary winding of an iron-cored transformer 



which behaves in a similar manner to the choke already referred to. 
The signal is appUed to the next valve by means of the secondary 
winding of the transformer. One advantage of this method lies in the 
fact that a moderate step-up effect can be obtained by means of the 
transformer. The step-up ratio should not normally exceed 2 or 3 to 1, 
as the very large number of turns required on the secondary winding 
for larger ratios introduces undesirable effects through stray capacity 

between turns. , . 

The final stage of an audio-frequency amplifier is usually required 

to deliver poiver, for example to operate a loud-speaker. For this pur¬ 
pose a special power-valve, capable of handling larger anode currents 
than are required for voltage amplification, is necessary. This output 
stage must then be matched to the loud-speaker or other load by 
means of a suitable transformer. The impedance of a movmg-coil loud¬ 
speaker is very much less than that of the output valve. It is not pos¬ 
sible to discuss here the theory of matching, but it may be stated t la 
the step-down ratio of the transformer should be equal to the square 
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root of the ratio (anode resistance of output valve)/(Ioad resistance). 
Fig. 328 siiows the arrangement of an amplifier with transformer 
coupling to an output valve, wliich is then matched by means of a 

second transformer to a loud-speaker. 

Radio-frequency amjilification introduces problems of its own, due 
largely to the importance assumed by stray capacities which are of 
minor conse(juence at audio-frequencies. These capacities which occur 
between various parts of the circuit and earth, or between the neigh¬ 
bouring turns of a coil, may offer paths of relatively low impedance 
to radio-frequency currents. The anode load in a radio-fre(juency 
aiu|)lifier generally takes the form of a tuned circuit or the primary 
of a transformer. Iron cores of the normal type cannot be used because 
of eddy-currents and hysteresis effects. At the lower radio-frequencies 
dust-cores are occa.sionally employed. These consist of fine particles 
of iron suspended in an insulating material to prevent eddy currents. 
At the higher radio-frequencies aii-cored coils arc used. 

§ 13. The Triode as a Detector 

When a triode is u-sed as an amplifier, the grid-bias is so adjusted 
that the variations produced in the anode current, by a signal applied 
to the grid, follow as closely as possible the variations of grid potential. 
Thus the valve operates entirely on the straight part of the character¬ 
istic. If, however, the negative grid-bias is increased so as to shift the 
operating point on to the curved part of the characteristic, the positive 
half-cycles of grid voltage produce a greater change in the anode 
current than do the negative half-cycles. The anode current increases 
by an amount on the positive half-cycles which is relatively much 
greater than the amount by which it decreases on the negative half¬ 
cycles, and the net result is that there is an increase in the average 
value of the anode current while the signal is applied. The necessary 
condition is thus obtained for the detection of radio-frequency signals. 
Because of the fact that use is made of the bend of the characteristic 
curve, this detector is called an anode-bend detector. 

Fig. 329 shows the effect of grid-bias on the action of a triode. A 
signal of varying amplitude, represented by the curve (a), is applied 
to the grid with grid-bias suitable for producing amplification. The 
mean grid potential corresponds to the point P on the straight part of 
the dynamic characteristic, and the variation in anode current (a') is 
of the same form as that of the applied signal. When the operating 
point is moved to Q by means of additional grid-bias, the unequal 
amplification of opposite half-cycles (b) produces the conditions neces¬ 
sary for detection as indicated by the curves (b'). The symmetry of 
the curve (a') for the anode current means that the average value of 
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the anode current, indicated by the liorizontal broken line tluou<d» P 
is not affected by the signal. Wlien the valve is aeting as a deteetor, 
the average anode current increa.ses as sliown by the curved biokeii 
line at (b') when tlie signal is being received. 

An interesting application of tins effect is found in the valve volt¬ 
meter. There are various types of valve voltmeter depending on the 



FlQ. 329.—Action of a Triodc — (a, a') as an Amplifier, (b, b ) os a Detector 


rectif 3 dng or detector action of thermionic valves. These are extremely 
useful for measurements at radio-frequencies and can be designed to 
present a very high impedance across the input terminals, a particularly 
desirable feature in a voltmeter. 


Expt. 276. Anode-Bend Detector.—Fit up the cu-cuit shown in 
Fig. 330. Connect to the input terminals a variable source of alternating 
potential ; the secondary of a mains transformer givmg some o volts, 
connected across a potential divider, ^vill serve, but an audio-frequency 
oscillator operating at say 1000 c/s. is to be preferred smce. at the low 
frequency of the mains, vibration of the pointer of the milhammeter 


may be troublesome. , - 

Select an operating point on the straight part of the valve character¬ 
istic and apply the appropriate grid-bias Vo and anode potential V,. 
Now apply an altematmg potential AVo and observe the value of the 
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anode current for different values of AVo- Ia will remain constant so long 
as tlie applied signal is not large enough to cause overlo^ing of the 
valve. Increase the negative grid-bias in steps, repeatmg the above set 
of observations each time the bias is altered. As the negative bias 
incrc-a.ses it \vill be found that the quiescent anode current will decrea.se, 
l)ut (hat an applietTsignal will produce an increase in the value of Ia hy 
an amount depcnrling on the amplitude of the signal. It is interesting 
to plot graphs of Ia against the .signal voltage AVc for different values 

of the grid-bias. On continuing to 



increase the grid-bias, a point will 
be reached when weak signals will 
produce little or no effect on the 
anode current, and only strong 
signals will cause the anode cur¬ 
rent to rise. This indicates that 
the grid-bias is too gi’eat and 
that the valve, under tliese con¬ 
ditions, would be very inefficient 
as a detector of weak signals. 
Although a detector is actually 
concerned with radio-frequencie.s, 
audio-frequency is used here for 
convenience as similar results are 
obtained at any frequency. 


The triode can operate as detector in quite a different manner. 
The grid and the cathode together can be made to act as a diode 
detector, the grid of the triode serving as the anode of the diode. 
Under these conditions the valve will pass grid current. Suppose that 
the grid is normally at zero potential and that an alternating voltage 
is superposed. During the positive half-cycles the grid will collect 
electrons and, if these are not allowed to escape too rapidly, the mean 
potential of the grid will be lowered. This will produce a decrease, in 
the anode current while the signal is being received. The radio¬ 
frequency signal is applied to the grid through a small condenser (say 
0 0003 /xF). The grid is connected through a grid-leak of 1 or 2 megohms 
to tlie cathode. The potential of the grid is depressed while a signal is 
being received, by an amount depending on the amplitude of the radio- 
frequency wave. Although the resistance of the grid-leak is sufficiently 
high to prevent the discharge of electrons from the grid during the 
period of one radio-frequency wave (which may be less than 1 micro¬ 
second), the resistance is not so liigh that it prevents the accumulated 
charge from leaking away during the period of an auciio-frequency 
wave. The amplitude of the radio wave being received varies at the 
audio-frequency of the signal, and hence the variations of grid potential 
and of anode current are able to follow the wave-form of the audio¬ 
frequency signal. In designing a detector of this tj^e, called a grid- 
circuit detector, the values of Co and Rq, Fig. 331 must be chosen with 
relation to one another to give a suitable value of the time constant 
of the grid circuit. 
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Expt. 24<. Grid-Circuit Detector.—Since tJie operation of a crid- 
circuit detector depemls on the time constant of the j;rid circuit it is 
es.sential to apply a radio-frequencv signal. This mav liave an.\’ con- 
venient frequency, say 1 megacycio per sec., ami innv be obtained from 
a .simple form of oscillator .sucli as that de.scribed'in § 14. A .sitmal 
generator, capable of morliilating the radio•fre(Juenc^' wa\’e with an 
audio-frequency signal, is to be preferred, since the audio-frecjiiency 
signal can tlien be heard on headphones after “ detection ’. 

Connect up the circuit of Fig. .331 (a) with the milliammetcr in 
circuit. The small condenser C, of say 0 001 /xF is include*!, as shown. 



to provide a path for the radio-frequency component of the anode 
current. Observe the value of the anode current and tlien aj>ply an 
unmodulated radio-frequency potential to the grid. Tiie anode current 
will fall to a lower value. 

If the radio-frequency potential is small, the change in anode current 
will be too small to measure accurately on a meter of sullicient range to 
accommodate the full anode current. A much more sensitive meter 
(say 0 - 1 inA.) may be used if arrangement is made to back off the steaily 
anode current. This can be done by substituting for the milliammcter 
of Fig. 331 (a) the aiTangement shown in Fig. 331 (b). An essential 
part of this circuit is the shunt S of sufficiently low resistance to reduce 
the sensitivity of the milliammeter to about a tenth of its normal value. 
The shunt is provided with a key which is normally closed as a safety 
measure. The key is opened only when the correa adjustments hare 
been made and while ve/idings are being taken. The shunted meter is 
connected into the anode circuit in the reverse direction, the connection 
to the H.T. battery being left open. A two-volt cell and a rheostat r 
of about 1000 ohms are connected to the meter in the normal direction 
and the current adjusted, taking the shunt factor into account, until 
the backing-off current is approximately equal to the normal value of the 
anode current. The H.T. battery is now connected and r adjusted until 
the meter reads zero. At this stage the shunt key is opened temporarily 

and a more accurate zero adjustment made. , , a e 

The radio-frequency voltage is now applied and, if the deflection of 
the meter is not more than one-tenth of the full scale, the shunt key is 
opened and the reading taken. This reading is the dijjerence between 
the backing-off current and the anode current. It is therefore equal to 
the decrease in the anode current. If the signal generator is provided 
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with an nlteniiator, various radio-frequency voltages may be applied 
and the corrc-siionding changes in anode current observed ; these aliould 
bo ropresontod on a graph. Tlie experiment should be repeated with 
different values of the griiMeak resistance Rc, and the results compared. 

When the conditioiLS for rectification have been obtained, replace 
the milliammeter by the headphones T, and instead of constant ampli- 
tuilo radio-freriuencv use a modulated signal. A note will bo heard in 
the headphones, the pitch of which corresponds to the modulation 
fre(juency. 


§ 14. The Triode as a Generator of Oscillations 

A circuit consisting of a coil of inductance L and a condenser of 
capacity C has a natural frequency of oscillation l/27r'\/LC (Chapter 
XI, § 5). Oscillations started in such a circuit will die out in a very 
short time because energy is dissipated in the circuit, mainly in the 
form of heat. In order to maintain the oscillation at constant ampli¬ 
tude it is necessary to supply 
energy to the circuit to com¬ 
pensate for the energy loss. 
This can be done by making 
use of a valve amplifier. The 
oscillatory circuit is coupled to 
the grid of an amplifier ; the 
oscillation is then reproduced 
in the anode circuit as a com¬ 
ponent of the anode current 
which derives its energy from 
the H.T. supply. The anode 
current is made to pass through a coil L' which is coupled by mutual 
induction to the coil L (Fig. 332). In this way it is possible to feed 
back energy from the anode circuit into the grid circuit, since the 
varying anode current will cause an induced E.M.F. in the coil L. 

Now the anode current variations are approximately in phase with 
the alternating grid potential, or in other words, while the grid potential 
is increasing so also is the anode current. The increasing anode current 
in L' will induce in L an E.M.F. which will either assist or oppose the 
oscillation in the grid circuit, depending on the direction of the inductive 
coupling. If the coupling is in such a direction as to oppose the oscilla¬ 
tion, the latter will be damped out rapidly and the osciUation - will 
cease. On the other hand, if the induced E.M.F. assists the oscillation, 
the damping in the circuit is neutralised to a greater or less extent. 
At some critical value of the mutual inductance M the energy fed back 
will exactly compensate for the energy lost, and the osciUation will be 
maintained indefinitely. 

The coil L' is frequently caUed the reaction coil; other terms used 
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are retroaction, regeneration and feed-back, and these arc to he pre¬ 
ferred to reaction. 

If the coupling is increased slightly beyond the critical value, tlie 
effect will be to increase the amplitude of the oscillation. This effect 
is cumulative and the amiditiule will tend to increase indefinitely. In 
practice, however, a limit is set to the amplitude for a given value of 
M because the inerea.sing amplitude carries the operating point on the 
characteristic beyond the limits of the straight portion of the curve. 
This results in a progressive decrease in the mutual conductance with 
increasing amplitude until a condition of ec|uilibrium is reached. It is 
worth noting that undue increase in the coujiling will introduce dis¬ 
tortion of the wave-form by virtue of the curvature of the character¬ 
istic ; on the other hand, if energy is withdrawn from the circuit, for 
example to energise a radiating aerial s^’stem, this additional energy 
must be drawn from the H.T, supply by increasing the coupling. 

Under the conditions described above, the circuit acts as a generator 
of oscillations, or oscillator. The frecjuency of oscillation is determined 
by tlie constants of the oscillatory circuit, and may have any value 
within wide limits, ranging from low audio-frequencies to high radio- 
frequencies of tlie order of 300 megacycles per second. 

In describing the action of an oscillator, the question has been 
approaclied from the point of view of a circuit in which oscillations 
were produced initially by some external source. An external source 
is unnecessary, however, because in general the initial building up of 
tlie anode current or some small variation in the anode current is 
sufficient to start oscillation in the tuned circuit; once started, the 
oscillation will rapidly grow to the equilibrium amplitude. 

The values of Cq and Ro are of considerable importance. When the 
coupling is too small to cause the circuit to oscillate, a steady anode 
current will flow arid the grid potential will be constant. If the coupling 
is increased until oscillation commences, there will be a sudden drop 
in the mean value of the anode current. The reason for this is that, 
when the grid potential swings to a positive value, electrons are 
collected by the grid. If Ro is large the resulting negative charge 
leaks away comparatively slowly, and consequently the mean grid 
potential is lowered. If Ro is increased sufficiently, for a given value 
of Co, tlie negative grid potential may become so great that tlic anode 
current is entirely cut off j when this occurs, the circuit ceases to 
oscillate. The charge on the grid continues to leak away, however, 
and after a short time interval conditions are restored under which 
oscillation can begin again. The result is that short pulses of oscillation 
are produced, and those pulses recur at a frequency determined by 
Rq and Cq ; the condition is known as squegging. 

The critical condition of oscillation can be deduced theoretically; 
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for tlie tnned-jirid oscillator of Fig. 332 it is found to be M=RC/( 7 ,„, 
^vhcre .M is tlie mutual iuductance of the two coils, R and C the resist¬ 
ance and capacity respectively in the tuned circuit, and the mutual 
conductance of t'he valve. The value of R in this expression may be 
considerably greater than the ordinary D.C. resistance because high- 
fre(juency currents tend to flow mainly near the surface of a conductor. 
This skin effect decreases the effective cross-scction of the conductor 

and hence increases its effective resistance. 

The oscillator described here is only one of many po.ssible forms ; 
the essential features of an o.scillator designed to produce a pure sine 
wave are a tuned circuit in conjunction with some form of feed-back 
amplifier. It i.s sometimes useful to generate o.scillations of approxi¬ 
mately s(|uarc wave-form, that is oscillations very rich in harmonics. 
This can be accomplished by means of a circuit known as a multi- 
vibrator in which the fundamental frequency depends on the time 
constant of a resistance-capacity' combination. 

Expt. 278. The Triode as an Oscillator.—Select a valve with a high 
nnUual condnetarwo and arrange the circuit as shown in Fig. 332. A 
radio.frerjuency oscillator of convenient range is obtained by using a 
coil L of 100 'turn.s wouinl on a bukelite tube 2" in diameter in con¬ 
junction with a variable condenser C of maximum capacity 0 0005/iF. 
'Die reaction coil L' may consist of 100 turns (or lesvs) on a tube 
arrang(“d to slide along an axis common to the two coils. In order to 
make the tuneil circuit selective, that is .sharply tuned, the re.sistance of 
tlu‘ tuning coil should be kept low. If measiu-ernents are to be made on 
the condition of o.seillation, however, it is an advantage to introduce 
resistance delibernteh- into the circuit. This may be done by winding 
the coil with Eureka* wire ; if 30 S.W.G. Eureka is u.sed errors tluo to 
skin effect will not bo serious at the frequencies in question ; finer wire 
may bo u.sed but the re.sistance will bo greater. If copper wire is used it 
should not be heavier than 40 S.W.G. The conden.ser C, is inserted to 
pro\ ide an easy [mth for the radio-frequency currents ; 0 01 /iF will be 
suitable, but the value is unimportant provided it is not too low. 

Place the coils initially at a considerable distance apart and gradually 
(.lecrcase the tiistance between them ; a sudden drop in the anode current 
indicates tliut o.seillation has commenced. If there is no evidence of 
oscillation, try the effect of reversing the connections to the reaction coil. 
There slioukl be no difficulty in making the circuit oscillate if suitable 
values of C,. and are chosen ; 0 0003 fiF and 0 5 megohm should be 
triofl to begin with. 

The use of n cathode ray o.scillograph provides a more interesting 
nrul instructive method of observing the oscillations. The oscillations 
are applied to the Y plates by means of a coil coupled to one of the 
coils of the oscillator ; and a linear time base, run at high speed, is 
applied to the X plates. By this method changes of amplitude and wave¬ 
form may he observed, ns also can variation of the frequency. 

The condition of oscillation may be verified by gradually increasing 
the mutual inductance M between the oscillator coils until oscillation 
just begins. Tlie mutual inductance must be known and, since this is 
not very easy to measure when the value is so small, a table is given for 
a pair of coils easily constructed. One coil consists of 100 turns of No. 30 
S.W.G., D.C.C. wire closely wound on a tube of 2' diameter, and the 
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otlier of 100 turns of 32 S.\V.(L. ]).(’.C. on a ir tube, 
inountecl co-axiali\’, aiul the uj)proxiinate value of ]\I 
clitTereiit distance.s cl between tlie centre of tlie coils. 


The coils are 
is stated for 


<l (cm.) 

1 2 ' 3 

1 

4 

5 , 6 

1 

7 j 

8 

1 

9 

1 

M (^H) j 

1 

170 1 136 

1 

101 

1 64 , 37-5 ! 

1 1 1 

22-5 

1 

14 

10 

pm 

/ 


The value of {/,„ can be determined by short-circuiting R<; and 
observing the value of the anode current, and then applying a grid-bias 
of 1 volt ; the change in the anode current is equal to The vahies 
of R. C and g„ are substitute<i in the expression M ='RC/ 7 „ and the 
result compared with the value of .M determined experimentally or bv 
graphical interpolation from the table given. 

Values obtained in a t>-pical experiment are :— 


M by direct measurement . 11-2 

R (Eureka coil) . . 100 ohms op 

C . . . . 0 0003 - 

g,n ’ . . • 2-73 mA/\’J 


no. 


The agreement is well within the limits of experimental error. 


If a calibrated radio-frequency oscillator is available, the frequency 
of the experimental oscillator can be determined by the metliod of 
Lissajou’s figures. This should be done for a number of {lifferent values 
of the tuning capacity C. Since the inductance L is constant, tlio 
frequency / is proportional to 1/VC; plotting 1//® against C should 
therefore give a straight line graph. 

The relative values of / can be determined approximately without 
the aifl of a calibratetl oscillator. The wave-length \ of the trace can 
be measured by keeping the speed of the time btise constant and adjust¬ 
ing C to give a stationary pattern ; this will be possible with several 
values of C. In this case a straight line will be obtained on plotting 
Against C. 

The actual frequency may be determined by using the method of 
beats to be described in the next paragraph. A variable standard oscil¬ 
lator is used to produce beats witli the unknown frequency ; when tlie 
two frequencies are equal, the beat-frequency is zero. A better method 
is to tune the beat-note to a tuning fork ; this can be done for two 
values of the standard frequency, the arithmetic mean of wliich is 
equal to the unknown frequency. 

If the frequency of oscillation has been d eter mined by one of the 
methods suggested, the expression /=ll2n\^LiC may be verified by 
substitution. 

The effect of varying Co and Il«, should be tried, with the oscillator 
connected to an oscillograph. When the product RqCq is made suffi¬ 
ciently large, squegging will take place ; this is indicated by the trace 
becoming confused and at the same time showing a bright line corre¬ 
sponding to the trace obtained when there is no oscillation. If the 
speed of the time base is reduced considerably the individual pulses of 
oscillation can be clearly seen ; the individual oscillations in each pulse 
will probably not be resolved with the slower time base and the pulses 
will appear as a series of blobs on a straight line. 

The intermittent oscillation can also be rendered audible by means 
of a detector and headphones. 
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§ 15. ‘ Heterodyne ’ Beats 

Signals from a continuous-wave (C.W.) transmitter, that is a 
transmitter sending out short trains of waves of constant amplitude, 
cannot be rendered audiljle by the process of rectification or de- 
— alone ; except perhaps by the production of a click in tl»e 
telephones at tlie beginning and the end of each train of waves. C.W. 
signals arc generally received by a heterodyne method. A local oscil¬ 
lator in tlie receiver generates an oscillation of frequency differing 
s<une\\ hat from the signal frequency fi ; the two oscillations are 
supeipo.scd, with the result that beats are produced with a frequency 
e(|ual to the dilferenee between/j and/j. By suitably adjusting the 
fre([ueney of the local oscillator the beat-frequency may be brought 
into the audible range. Mixing of the two frequencies must be followed 
bv detection in order to produce an audible note ; the pitch of this 

note is determined by tlie beat-frequency. 

Tlie production of an audio-frequency oscillation by combining two 
radio-frc(picncies provides a very useful method of obtaining audio- 
freqiuuiey oscillation for laboratory purposes. The generation of low 
fre<jucncies by means of a single oscillator calls for the use of large 
coils and condensers, with the additional disadvantage that a wide 
variation of capacity (or inductance) is necessary if a considerable 
range of frequency is to be covered. In a beat-frequency oscillator 
two radio-frecjucncy oscillators are required, one of fixed and the other 
of variable frccpiency ; the variation of capacity then required to 
give a wide range of audio-frequency is very small, and can easily be 
obtained by using a single variable condenser. After rectification of 
tlie beats, the raclio-frequency component of the current is by-passed 
by means of a small condenser. The usefulness of the instrument is 
considerably enhanced by the provision of a scale calibrated directly 
in terms of frequency. 

Expt. 279. The Production of Heterodyne Beats.—Set up two radio- 
frequency oscillators constructed to give the same range of frequencies, 
placing the oscillators so as to avoid undue coupling between them. A 
coil connected to a crystal receiver, or to a triode detector with head¬ 
phones in the anode circuit, is placed so that it can pick up oscillations 
from both o.scillators. One oscillator is set to the middle of its range, 
ami the other is varied over its entire range. A note should be heard 
which, at first, is of very high pitch. The pitch decreases, passes through 
silence, and then increases in pitch again as the tuning of the second 
oscillator is varied from one end of its range to the other. 

The transmission of speech and music by means of radio waves 
was made possible by the development of the thermionic valve. High- 
frequency oscillations are necessary to provide a carrier-wave which, 
in order to convey intelligence, must be modulated in some way ; that 
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is, sonio property of the wave must be varied in conformity with the 
wave-form of the sound to be transmitted. Modulation may consist in 
varying the amplitude, the frequency or the phase of the carrier wave. 

\\ hen amplitude modulation is employed, currents from the micro¬ 
phone are amplified and then made to control the amplitude of the 
radio-frecpiency oscillation compri.sing the carrier. After further 
amplification tlie modulated current is fed to an aerial by means of 
which energy is radiated in the form of electromagnetic waves. At 
the receiver high-frequency currents are set up in the receh'ing aerial, 
the desired signal being selected by means of tuned circuits. A radio- 
fre(iueney amplifier usually precedes the detector which is followed by 
an audio-frequency amplifier, and an output stage to provide the power 
necessary' to ojjerate a loud-sjjeaker. 

The problem of providing a radio-frequency amplifier, capable of 
operating efficiently at all frequencies covered by the receiver, is over¬ 
come by employing the heterodjme principle, in the superheterodyne 
receiver. Kadio-frequenc^' oscillations generated locally are hetero¬ 
dyned with the incoming carrier to give a low radio-frequency which 
is kept constant, for all vahies of the carrier frequency, b^’ adjustment 
of the local oscillator. Further radio-frequency amplification is then 
carried out at the constant intermediate frequency. 

Radio-telephony, which owes its existence to the thermionic valve, 
has now become a great industry, and the principle of carrier telephony 
has been extended as a mean.s of providing a large number of 
‘ channels ’ on a single line-telephone circuit. Radio waves have been 
used for exploring the ionosphere, a piece of scientific researcii which 
laid the foundations of radar. 

So important has the valve become in the field of radio-communi¬ 
cation that one is apt to overlook the fact that it is used extensively in 
other spheres. Industr}’^, medicine and academic researcii have all 
benefited from a device which combines simplicity of construction 
with an unrivalled versatility. High-frequency induction furnaces, 
electric ‘ organs and devices for automatically performing compli¬ 
cated mathematical operations may be mentioned as examples. 

The development of the valve and the understanding of its be¬ 
haviour owe much to investigations of a purely scientific nature ; at 
the same time a vast amount of industrial research has been expended 
in bringing the valve to its present high state of perfection. In fact the 
thermionic valve is a very good example of the result of the combined 
efforts of science and industry. 
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1. Test by nican.s <»f u gold k-af electroscope the sign of the charge produced 
oil rolls of giiiss, ebonite, and sealing-wax when rubbed by fur, flannel, and silk. 

2. r'liul the positive terminal of the given cells, using a compass needle, a 
straight wire, anti a regulating resistance. Verify the result by winding the wire 
into a rough coil. 

:i. Plot the lines of force round a long vertical wire carrying a current, and 
find from your diagram the intensity of the field of the wire at a distance of 
I.”) cm. from the wire. Take the earth's horizontal field = 0-i85 C.G.S. luiit. 

4. Plot the lines of force round a circular coil carrying a current, and from 
vour iliagruiii plot a curve .showing how the field along tho axis varies with the 
distance from tlie coil. 

t’onneot the given cell by a commutator to a tangent galvanometer—(a) 
directlv, (/d tlirough a given resistance. Compare the currents in the two cases. 

«. Connect two cells—(1) in series, (2) in parallel, (3) in opposition, to a 
tangent galvanometer. Compare tho currents in the three cases. 

7. Connect the two cells in series through a commutator to a tangent galvano* 
meter an<l note the deflections obtained. Invert the connections of one cell and 
again note tho deflections. What result can be deduced from these observations ? 

5. Compare tho number of turns in coll A of the given tangent galvanometer 
with tho number of turns in coil 13, given a constant cell and a resistance 
box. 

9. Measure tho value of H, the horizontal component of the earth’s magnetic 
field by means of a tangent galvanometer an<l an accurate arruneter. Follow tho 
method described in E.xpt. 222, Fig. 229. Take a series of readings of current I 
and dcfloi'tion 9, and plot the values of I and tan 9. Find from tho graph the 
value of I/ton 9, and deduce tho value of H. 

10. Plot a curve showing the variation of the tanfjent of the deflection of the 
given tangent galvanometer, xvith tho value of tho resistance placed in series with 
the galvanometer. Shunt the galvanometer with 5 ohms, and repeat the observa* 
tions, plotting the curve on tho same paper as the first curve. Con you estimate 
approxitiuUchj the resistance of the galvanometer from your results T 

11. Connect the three given colls in scries wnth a resistance box and a tangent 
galvanometer, adjusting the resistance till the deflection is about 55'^. Keeping 
tlic resistance constant, group the cells in all possible ways, using any number 
and placing them in series or in parallel. Compare the currents flowing through 
the galvanometer in the various coses. 

12. Men.suro the strength of tho current through the given incandescent lamp 
by means of a tangent galvanometer. Express the result both in C.G.S. xinits 
and in amperes. 

13. Wind a length of insulated wire over a glass tube about 20 cm. long and 
1 cm. in diameter so os to form a solenoid. Plot a curv'e showing the relation 
between the magnetic moment of the solenoid and the current flowing through it, 
using a magnetometer and a tangent galvanometer. 

14. Repeat the previous experiment when the solenoid is provided with a 
core consisting of a bundle of soft iron wires. 

15. Given two coils of wire, a compass needle and a cell, determine which 
coil has tho greater number of turns. 

IG. Given two coils of thick wire of the same diameter, a compass needle, a 
resistance box, and a cell, find tlie ratio of the nximber of turns in the first coil to 
the number of turns in the second. 
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17, Plot a ciirvo showing the ri*iatiori betwoon tlio wcitrlit tiuit lan I)i» liftiHl 
by an electromagnet aiul the cm rent tlowuig tln^nigh tfie coi). 

18. T.e.st the accuracy ot th<* readings ol tlie ^uiiincter suj)p)i<‘(l, using u 
tangent galvanoinetor. 

ID. Kind how I lie clonection of the gi\'en galvanoinct<‘r wiih current. 

20. Plot a curve showing the vuiiution ordellcctjon with cuiri-nt Ibr an astatic 
galvanometer ot known resislaiuo, being gi\*en a set ul resistances and a c'on>tant 
cell of known K.M.F. 

21. Kind the resistance of the two gi\*cn coils h^’ connecting them scparutels^ 
then together, ii\ series witli a constant cell, a 3U uhin coil, and a tangent gul\ano- 
meter, and noting the tiellections obtained. 

22. Deterinino the resistance of lla* gi\cn length of wire and calculate its 
diameter, having been gi\'en tiie Kpei-ilie ivsistanct* of tlu^ material, 

23. Coiiipuro the specific i<*sistancos of llie materials of’ the iwo givtai win*s. 

24. Kind tlie ele<drieal centre of the slide w hv of’a nu'tre hridgi*. (Tlie I’h^ctri- 
cal centre is tho point dis iding the wire into two parts of c<jual Jcsistancc.) 

25. Detennino tho ratio of tho diaiiu*teis of two wires of tho same material 
by measuring tlieir resistances. 

2(5. Kind what length of the wire .V would have a resistance of 5 ohms. 

27. Equal lengths of tho wires A ami H, ]>la<*od in ]iarullel, are to give a 
resistance of 5 ohms. W'hat must be tlie length of each wire ? 

28. Cut off from the given coil a length of wire which shall have a resistance 
of 1 ohm, allowing 1 <in. at eacli end lor connect ions. Check the result b\’ direct 
mousurcinent of its resistance. 

20. Set up tho resistance boxes suiiplied to form a I’ost Ollice I3ox, and use 
it to measure the gi\*en resistance coil. 

30. Kind the length of a tangle of wire, u^ing a P.O. box. Its specific resist* 
anco will bo given. 

31. Kind tho resistance of the conductor formed by using one, two, three, 
and four strands of the given wire in parallel, each strand being 20 cm. in length. 

32. Compare tho resistance of tho given coil at 0 C. witli its icsistaiu'o at 

100^ C. 

33. Construct three voltaic colls from tho materials supjdied and compare 
their electromotive forces. State which is tho positiv'o pole in each case. 

34. Determine the resistance that must bo connected to the jxdcs of a coll 
to reduce tho potential ditterenco between them to one half. \\ hut do you 
deduce from tho result ? 

35. Plot a curve showing how tho potential difference between the poles of a 
battery varies when different resistances are connected \>ith tho poles. 

30.* Being given a coll (c.g. an accumulator), a number of known resistances, 
and a low-rango voltmeter, adjust tho circuit so that exactly ^oSo ampere 

passes through it. i . , » 

37. Measure the E.M.F. due to polarisation wlicn (a) platinum plates, (6) 

lead plates dip in dilute sulphuric acid. . i i 

38. Fit up a cell with copper and zinc plates in dilute sulphuric acid, rind 

how’ tho current from the cell varies with the time. 

31). Measure tho current in amperes through a coil of known resistance by 

using a voltmeter. . , , % • v i 

40 Find the maximum current which can bo carried by the fuse wire supplied. 

41. Pass a current through a sheet of tin-foil from one marked point to 
another. Plot tlio equipotential curves on tho slieet by connecting two pins to 

the terminals of a sensitive galvanometer. , . ^ , x * 

42. Find the horizontal component of tlio earth s field, using a tangent 
galvanometer and a copper voltameter. Tho eloctrochomical equivalent of 

copper will be givea. j. r \ ^ ^ 

43. Find tho deflection of the given galvanometer for a current of 1 ampere, 

assuming the electrochemical equivalent of copper to be known. 

44. Measure the heat produced in the given electric lamp ."’hen eonnec^cd 
across the lighting maims for a moo.sured time. Hence calculate 

flowing in the lamp, and the resistance of the lump, being given the difference of 

thrrlfe o?pr;duition of boat in the given cod when a current of 
one ampere flows through it* 
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4G The inner of two toils is wound clockwise from A to B as viewed from 
Hbove The jjalvanometer supplied has its north pole deflected east if the current 
enters it at terminal E. Find the direction of the winding of the outer t-oi . 

47. Find which end of the given magnet is its north pole, given a helix of 

wire a sensitive galvanometer, and a voltaic cell. . , r * 

48 Apply the laws of induced currents to determine the polarity of a magnet- 
..sed piece Ef steel with unmarked ends. Test the result with a compass needle 

hrouglit up to the currents to test the poles of a hox of cells and 

liiKl which^s the positive. Check tlie result with a piece of pole-finding P^per. 
oO Assimiing the E.C.E. of hydrogen to be known, detenume the L.C.E. 


of copper. 
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NOTES ON GEOMETRICAL OPTICS 


§ 1. Sign Conventions in Geometrical Optics 

The fact that liglit travels in straight lines in a homogeneous medium 
leads to the conception of a ray of liglit as a beam having a cross 
section so small that it can be represented by a geometrical straight 
line. A pencil of rays may be parallel, as is the case when the source is 
at a very great distance ; it may be convergent, when the rays tend 
towards a point ; or it may be divergent, w'hen the rays tend to separate 
from one another. These properties may be demonstrated by means 
of an optical disk, such as that designed by Hartl. In this apparatus 
the paths of several narrow beams of light obtained by passing light 
from a projection lantern through parallel slits appear as brilliant lines 
on a white screen. By adjusting the position of the source of light 
inside the lantern it is possible to secure parallel, convergent, or 
divergent beams on the face of the disk. 

One of the most important effects produced by a curved reflecting 
or refracting surface in an optical instrument is to modify the con¬ 
vergence or divergence of a beam of light incident upon the surface. 
This power of changing the relative directions of the rays constituting 
■ the incident beam can be shown by directing a curved mirror towards 
the sun. It will be seen that a concave miiror (for example a shaving 
mirror) brings the reflected light to a bright focus at a distance depend¬ 
ing on the radius of curvature of the mirror, while a convex mirror 
(such as a driving mirror attached to a motor car) causes the reflected 
light to spread out or diverge from a'focus. Again, when sunUght 
falls on a thin lens that is thicker at the centre than at the edges, the 
beam of light is brought to a comparatively sharp focus, which may 
be called the ‘ solar focus ’ of the ‘ burning glass ’. These effects can 
also be shown by using an optical disk having suitable reflectmg or 
refracting (cylindrical) surfaces attached to the face of the screen. 
Double-convex and double-concave lenses are usually supplied with this 
apparatus, the former producing convergence and the latter divergence. 

When rays travelUng paraUel to the axis pass through a thm lens, 
the distance between the lens and the focal point is called the foca 
length of the lens, and the power of the lens in dioptres is expressed 
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by tlio reciprocal of the focal length in metres. Xhe term power 
refers to the j)ropertv of elianging the convergence or divergence of an 
incident beam. Divergence may be regarded as the opposite of con¬ 
vergence, and the ])roi)crty of causing convergence as the opposite of 
the property of causing divergence. In the optical industry lenses 
winch produce convergence are called positive lenses, while lenses which 
produce divergence arc called negative lenses. 

In the elementary treatment of curved mirrors and tliin lenses it is 
assumed that the aperture is small and that the rays considered make 
only small angles with the axis. It is then possible to obtain simple 
expressions connecting together the optical and geometrical properties 
of such mirrors and lenses. Since it is desirable that these expressions 
should apply in the most general way possible, certain conventions 
as to sign have been introduced. In fact, various systems of con¬ 
ventions can be used, each of which is self-consistent. The most im¬ 
portant difference between the systems is that relating to the sign to 
be attributed to the ‘ power of causing convergence ’ and to the 
opposite property, namely the ‘ power of causing divergence 

In 1934 a Committee of the Physical Society ' recommended the 
adoption of a convention, universal among opticians, for the sign of 
the power of an optical system. This convention may be expressed 
briefly by saying that a positive lens tends to converge and a negative 
lens to diverge the light.- 

General agreement has not yet been reached as to the sign con¬ 
ventions to be used in examining the relations between the positions 
of object and image. 

CONVENTIONS IN COMMON USE 

We shall call the systems of conventions here considered A, B and 
C respectively.® In all these systems the position of an object or of an 
image is located with reference to some particular point, such as the 
pole of a reflecting or refracting surface or the optical centre of a thin 
lens. The conventions differ, however, as regards the way in which 
positive (-f) or negative (-) signs are chosen for the distances concerned. 

CONVENTION A 

According to this convention, adopted earlier in this book and 
described on pp, 206 and 212, distances are to be considered positive 

> Bepori on the Teaching of Qtomtirical Optics (published bj the Physical Society). 

^ Strictly speakings it U assumed in such a statement that the light u coming from a very 
distant objcctv so that wc arc dealii^ with a parallel pencil of raya 

* These designations are duo to £» R. Middleton, who has compared the resultine equations in 
A Textbook of (Bell, l937). 
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when measured in a direction towards the source of liglit. If, then, we 
regard the ‘ front ’ of a mirror or lens as tlnxt surface which faces the 
incident light, we may say that distances ‘ in front of ’ tlie mirror or 
lens are to be counted positive ; those ‘ beliind ’ the mirror or lens 
are to be counted negative. 

When this convention is used, the focal lengtli of a concave mirror 
is positive, but the focal length of a thin converging lens is negative. 

Thus convention A does not lead to the same result as that \ised 
by opticians, who call the focal power of a converging lens positive 
(p. 212). 


CONVENTION B 


According to tliis convention, distances are counted positive when 
measured from the pole in the same direction as that in which the inci¬ 
dent light travels. In other words, distances ‘ behind ’ the mirror or 
lens are to be counted positive ; distances ‘ in front of ’ the mirror or 
lens are to be counted negative. The focal length of a converging lens 
is then regarded as a positive quantity. 

Comparison of Conventions A and Since convention B differs 
from convention A only in the choice of the direction to be called 
positive, the sign of eacli distance, u, v, r.f, is reversed in changing from 
one convention to the other. This means that equations involving 
only reciprocals of a distance have exactly the same form under con¬ 
vention B as under convention A. 

Thus we have, under convention A and convention B alike— 


For mirrors 


for lenses 


V u 


1 

V 


1 

u 


1 

/’ 

1 

/’ 


and 




Arguments favour ^ot convention^A fall 

|fficuUy experienced ^ some el^'wth'which™; 

ducing sign conventions, ana in tne seconci Tn aH th^ 

particular system wUl be understood, remember , PI • ^ 

ilementarv examples dealt with the object "['ll ^ a real <rud 
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Hero nil the distances to be mensvired lie in front of the mirror, and to say, 
in accordance with convention B, that all these distances are to be con- 
sidered nepative is undesirable. For this conventional result not only 
appeal's unnecessary to the beginner, but it suggests to his mind that 
geometrical optics is a difficult subject. 


CONVENTION C 

When convention C is used,‘ distances are measured along a ray 
of light. Now the measurement of any length is a determination of 
the distance between two points, wliicli may be called the ‘ end points ’ 
of tlie length to be measured. For an optical path such as we are here 
considering one of the end points is either a small object (a point 
source) or a small image ; the other end point is usually situated on a 
reflecting or refracting surface. In the simplest optical experiments ^ 
this latter point is the pole of a spherical surface, which may be either 
reflecting or refracting, or in the case of a thin lens it is the point which 
is called the optic centre (pp. 211, 212). 

A simple preliminary statement of convention C may be given by 
saying that when this convention is used, lengths which are measured 
along actual rays of light are considered positive, and lengths which 
are measured along virtual rays are considered negative. An alter¬ 
native statement is that u (the object distance with reference to the 
pole of a mirror or the optic centre of a lens) is positive when the 
object is real, and negative when it is virtual ; similarly v (the image 
distance with reference to the same points) is positive when the image 
is real, and negative when the image is vdrtual. 

It is also necessary to adopt some convention as to the sign to be 
given to the radius of curvature of a spherical reflecting or refracting 
surface. To determine the sign in such a case we imagine a parallel 
pencil of rays travelling in the direction of the axis and falling on the 
surface. If the effect of the reflection or refraction is to produce con¬ 
vergence, the radius of curvature is positive, but if the effect on the 
parallel pencil is to produce divergence the radius of curvature is 
negative. The focal length obtained by using convention C is in agree¬ 
ment with the optician’s definition of focal power. 

All other distances involved in any optical calculation, such as the 
displacement of a lens from one position to another or the separation 
between two lenses, are positive. 

The rules which are adopted according to convention C may thus 
be summed up as follows :— • 

’ For a more detailed discufision of rcsalts ba5od on convention C reference may be made 
to G. R. Noakt*. A Texl-Book of Light (Macmillan, 1937). 

* Although wo are confining our attention to ‘ paraxial rays *, that is rays making only a small 
angle with the axis of the system, it should be pointed out that convention C is odvantaseous in 
the more general treatment. ^ 



SUPPLEMENT 


o49 


1. AU distances are measured to or from the pole of a spherical 
surface, whetlier reflecting or refracting, or from the optic centre 
of a thin lens. 

2. Distances actually traversc<l by li(rl»t rays ^ aie (“onsi(ler<*(l as 
positiye ; distances which liglit lias only trayelled virtually are 
considered as negative. 

3. The radius of curvature of a surface is considered as positive if 
the surface ju-oduce convergence for a porallel hetnn of liglit, but 
negative if the surface produces tlivergence. 


When convention C is used in dealing with the wave theory of light, 
similar rules to those already stated mu.st be adopted to determine the 
sign for tlie curvature of a wave front. 

If U and V rej>resent the curvature of a wave before and after 
reflection or refraction : 

U is positive for a real object, negative for a virtual object ; 

V is positive'for a real image, negative for a virtual image. 

We shall now consider the application of the rules for convention 
C to the experiments described in Part III on Light. 


Spherical Mirrors (pp. 206-210). Using convention C tho general formula 
for spherical mirroi's is 


1 1 2 

+ — - -9 

V u r 


where y = ^ 


The equation is of the same form as that obtained by using conven¬ 
tions A or B. 

Since a concave mirror has a real principal focus, 

tho focal length is + and the radius of curvature is +. 

Since a convex miiTor has a virtual princij)al focus, 

tho focal length is - anti the radius of curvatuio i-"* y • 

It should be noticed that the equations given and the signs employed for 
spherical mirrors in Chapter 11 of Light are identical with those here given. 

Thin Lenses (pp. 211-216).—Using convention C the general formula 
for thin lenses is 


1 

u /’ 


where \ = - 1) (^'^ 3 )* 


It should be noticed that tho equation connecting m, r, and / is now 
symmetrical and of the same form os for mirroi-s. This makes the etjuations 

particularly easy to remember. , f ,1 

For a bi-convex lens in air, r and s are both positive and tho focal 

length / is positive. The lens is converging. 1 *1 / oi 

For a bi-concave lens in air, r and a are both negative and the focal 

length / is negative. The lens is divergmg. , , , nfonnl 

. ThU include di.tliuoc, Imvcmed in the cubslnncc ol n thUt icn, or between d.llentnt con.- 
pODcuts of an optical system. 
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The equations given in Chapters III, IV, and V of Light must be 
modified when convention C is used. 

Ill , 1 

The formula ^ ^ becomes - + „ - y 

The formula V - U = F now becomes V + U = F. 

The formula (*-^) now becomes ^. = (^-1) (r + s)' 

We may add the formula for refraction at a single spherical surface, 
which is : 

fl I /X -1 

' + - --- 

V U T 


Tlie Graphic Construction for the focal length of a thin lens given 
on pp. 220-227 requires modification when convention C is used. 

For a real object u is positive, and the value of u is marked off along 
the positive direction of the axis of X. For a real image the vahie of r is 
positive, and this is marked off along the positive direction of the axis of 
V. Corresponding pairs of points, .such as Mi t'l, Ui t»j, are joined by straight 
lines, nn<l it should then be found that these lines intersect in a single point 
F’. The distance of this point from each axis is equal to/. The same 
graphical motho<l can bo applied when the image is virtual, as is indicated 
by the dotted line in the lower part of Fig. 333. 



Fio. 333.—Graphic Constnictlon for Focal Length (Converging Lens) 


Expt. 129. Determination of the Focal Length of a Conver^ng 
(Convex) Lens. M&tJiod 11 (p. 227). —In this method Ixoo positions 
of the lens are found for em assigned distance d between the object and 
the screen. This is only possible when d is greater than 4/. Let a be the 
distance between the tw'o positions of the lens. Then 

d-~ a d + a 
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and on substitviting in tlio fonnnla 


we obtain 



1 1 1 

r II f 

(I- - n- 
4fl ‘ 


In tlie particular case for wbioh n = 0 the distance d has its minimum 
value and 



Optical Instruments (pp. 230-238).—Chapter \'I is concerncfl with 
optical instruments and with their magnifying power. Since the word 
‘ power ’ has alreadj' been used in a specific sense in relation to lenses, 
we may substitute the expression angular magnification wlicn con¬ 
sidering instruments, such as telescopes and microscopes. These 
produce an image which subtends an angle at the eye ditTerent from 
the angle subtended by the object when viewed directly. 

The Simple Magnifying Glass belongs to a category of its own. It 
enables an object to be seen clearly when brought close up to the eye, 
where it subtends a comparatively large angle. In this case tlie term 
magnifying power is understood to mean the ratio between the angle 
subtended by the image .seen by the aid of the glass and the angle whicli 
W’oiild be subtended by the object if it were moved back far enough to 
be seen clearly by the unaided eye. The least distance of distinct vision 
for a normal eye is taken as 25 cm. 

Thus, if an object of size AB (Fig. 334) wore viewed with the unaided 


. 



a*-'''"' 


26 cm 


Fio. 334.—SIftgnifylag Power ofl/sna 

j- i. e nr anolf subtended at the eve would be 

)ye at a distance of 25 cm., the angle suuic » Jnrn olpar 

iB/25. This gives the largest retinal image whicli can be brought into clear 
bcus ^1 be obtained if the object distance n cm. is chosen so 
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itnaoe ah will be at a distance f equal to 25 cm. The angle subtended by 

tins image (an.l, incidentally, by the object a,s 

The Magnifying Power as already deBned can thus be \vritten as 

_ ai/25 ab 

Magnifying Power = j^i25 ' AB' 

But when the lens is being used, 

ab _v_ - 25 
AB ”M ~ w ’ 

the minus sign being necessary because the image is a ^ortual one. 

Also we know that when convention C is used, 

1 1 1 

• +--v» 

V u f 

1 11 ^ 1 

25* 

^ 25 25 , 

Magnifying Power = -^ = -j- + 1 


so that 


Tims 


This equation, of course, assumes that / is measured in cm. Since 
25 cm. is one-quarter of a metre, the relation can also be stated in the lorm 

M = 1 -t-(distance of distinct vision in metres) x (power) 

u hcro the power of the lens is in dioptres, or 

M = 1 + i (power in dioptrCvS). 


Linear Magnification.—For instruments such as projection lanterns 
and cameras we are concerned with linear magnification, m. This is 
defined as the ratio of the length of the image to the length of the object. 

Before a sign is given to m some convention is needed, but on this 
matter agreement has not been reached. In the Report of the Physical 
Society the convention is adopted that when the image is upright the 
magnification is given the positive sign, and when inverted, the negative 
sign. Thus the magnification of an e|^ct image is considered numeri¬ 
cally -H, and the magnification of an inverted image numerically - (see 
p. 237). For some purposes, as in specif)dng the scale of enlargement of 
a photograph, the inclusion of a sign would be pedantic. But in 
theoretical work it is convenient to assume that the axis of the optical 
system is horizontal, and to take upward displacements as positive 
and downward displacements as negative. 


When convention C is employed, the formula for the linear magni¬ 
fication m is then 



This equation is exactly the same for spherical mirrors and for thin lenses. 
For a real object (w positive) the image is inverted when real (v positive), 
and erect when virtual (v negative). In the experiments on the optical 
lantern (pp. 237-238) we must now write 

1 1 1 
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for a lens of focal length /. Thus the focal length 

f- — 

■ 1 - »i’ 

provided tlie proper signs arc given to i’ an<l to m. 


§ 2. The Spatial System 

When a liglited candle is held in front of a plane mirror, the image 
formed is a virtual image. The reflected rays travel in the space in 
front of the mirror, but the directions of these rays are such that on 
being produced backwards they intersect at a place behind tlic miiioi 
where the image appears to be situated. Thus the space behind the 
plane mirror may be described as the virtual image space. Tliere is 
also the possibility of the formation of a real image in front of the 
mirror, but this requires additional apparatus. Suppose an optical 
lantern to be arranged to give a real image of a lantern slide on a screen 
some distance from the lantern and that the plane mirror be interposed 
not far from the lantern in the path of the light. In this case the 
reflected rays will form a real image situated in front of the mirror. 
Consequently the space in front of the reflecting surface may be 

described as the real image space. 

In the experiments (Expts. 108 and 109) on the formation of an 

image by a concave mirror, a real image was formed in front of the 
mirror when a small object was placed at a distance from the pole 
greater than the focal length. But a virtual image is formed by a 
concave mirror, as in a shaving mirror, when the object is at a distance 
from the pole less than the focal length of the mirror. In both cases 
we are led to a division of the space in which tlie image can be formed 
into two parts, the virtual image space and the real image space. The 
same distinction may be introduced when dealing with a refracting 
surface, or with a thin lens. According to convention C distances in 
the real image space are considered positive (+), those m the virtual 

■"TX'USS .ppurf •» 5 

in actual practice we generaUy have to deal with ^ “^J^n some 

possible to introduce the conception of a virtn^ °'’^To Zst ate t^e 
optical instruments this is a very convenient idea, >ll'ist™te ^e 

meaning of the term ‘ virtual ol^eet - ,, f 

d“tanl"of™e:t from lantern. Now let a large plane mirror 
be plao^ (say) 6 

ItorthTt is 6 feet the lantern. Such an 
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arranj^ement is sometimes convenient in a small lecture room, as the 
lantern may be on the lecture table pointing towards the audience and 
the final image be formed on a screen behind the lecturer. 

If we now fix our attention on the action of the plane mirror, we 
find that the usual behaviour of such a mirror is reversed. Tl)e real 

image which would have 
been formed, were there no 
mirror present, acts as vir¬ 
tual object 12 feet behind 
the mirror and the mirror 
then produces a real image 
12 feet in front of its reflect¬ 
ing surface. 

In such a problem dis¬ 
tances in the virtual object 
space behind the mirror 
would be considered nega- 
tive (Fig. 335). 

In view of the fact that in 
tlie last method recommended 
in the Report (Group II, Case 
I, or C) stress is laid on a 
clear distinction between ob- 
jeict space and imago space, 
this system may be called a 

FlO. 333.—Image and Object Spaces for a Reflecting * spatial system, and con- 

Surface veiition C the ‘ spatial ’ con¬ 

vention. It should, however, 
be noted that it is possible to develop tho relations between object and 
image without reference to these ‘ spaces ’, which may prove confiusing to 
a beginner. 

Expt. 277. Formation of a Virtual Object.—Set up a small electric 
lamp on the table to serve as a real object. Arrange a suitable converging 
lens with its axis horizontal, to give a real image on a white card at a 
distance of one or two metres from the lamp. Place a plane mirror between 
the lens and the card in such a position that the reflected beam is hori¬ 
zontal and is travelling slightly to one side of the lens. Set up a second 
white card in the path bf this beam and adjust it so that an image of 
the lamp is in sharp focus. This real image may be regarded as duo 
to tho ‘ virtual object ’ situated behind the mirror at tho position occu¬ 
pied by the first card. Measure the distance of each card from the mirror. 
If the reflecting surface is plane these distances should be equal. Repeat 
the observations for four different positions of the component parts. 

The use of the term ' virtual object ’ may also be illustrated by the 
following experiment which provides a method of finding the focal 
length of a diverging lens. 

Exrr. 278. Determinatioii of the Focal Length of a Concave Lens. 
—IV. First find the positions of conjugate foci for a convex lens as in 






Virtual^fnhge space ^ Real image epaco 
image^i&tatice — ' Image distance + 

V V xnXXvw'' V\' w 
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^ Real object space 
s^0bj^ci^<ijst(u^e ^ Object distance + 
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Expt. 115, using one pin ns tlie object niul placing the second pin on 
the other side of the lens so ns to coincide witli the real inverted image. 
If a concave lens is now placed bi-t\vt»en the convex lens and this image, 
the latter may be regarded as n ‘ \ irlual object ’ for luj s of light passing 
through the concave lens. Measure the tlistanco from the concave lens 
to the point of pin No. 2. This distance represents the value of u with 
reference to the concave lens, but as the object is virt\ml it is to bo 
regarded ns a ncfjalive <iunntity. Next move pin No. 2 furtlier away 
from the concave lens and again adjust it .so ns to coincide in position 
with the real imago of pin No. 1 formed by light pn.ssing through both 
lenses. Measure the tlistnnce of this new position of pin No. 2 from the 
concave lens. This represents the vahie of v, but as the image is real 
it is to be regarded ns a, po.siiirc quantity. Calculate the focal length of 
the concave lens by substituting the values of u and v in the formula 

1 1 1 

V u f 



Fio. 33C (a).—Real and Virtual Parts of Object Space 


The observations should be repeated for another po.sition of pin 
No. 1. Calculate the 
focal power of the con¬ 
cave (diverging) lens in 
dioptres. 


The image and object 
spaces for a reflecting 
surface are illustrated in 
Fig. 335. In the diagram 
the reflecting surface is 
plane but a similar result 
applies for a curved re¬ 
flecting surface. It re¬ 
quires some effort of the 
imagination to picture 
these spaces as, in a sense, 
distinct, because actually 
they overlap and are co¬ 
extensive. 

It is somewhat easier 
to visualise the object 
space and the image 
space in the case of a 
lens mounted in a large 
upright panel. These 

spaces are shown in Fig. f.q. 336(6).-virtual and Real Parts of Im«e space 

336 (a) and (6). Both directions. Corre- 

spaces extend \'"^"'^^.^^^”\hLbject space there is one and only 
spending to any chosen poin h } J conjugate 

one point in the image space, o p 
points. 
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MoTK 1 —In cnrrvinc out ‘ pin methods ’ for lenses m a poorly lighted 
room it'mav bo nooo.‘vs«ry to use artificial illumination. A convoiiieiit 
way of doing this is to set up an electric lamp behind the pin, placing a 
.sli(>ot of ground glass between them. In this case the P>^ again.st 

a liglit liaoUgiound and the paper flag may be dispensed with. 

An alternative plan (whieli is useful in many optical experiments) is 
to use instead of a pin a very small electric lamp, such a.s i.s fitted in a 
pocket torch. Current may be provided by an accumulator, and, if 
m'ce.s.sarv. the brightne.ss may bo regirfatcd hy using an adjustable resist- 
anco in‘series with the lamp. When alternating current is available a 
step-down transformer inav bo used to give the low voltage requirccl for 
motor ear laiiqis, which can be useil to serve a.s objects in fully lighted 
lal)orat<)ri(\s. For preference the lamps should be ' under-nm , that is a 
lamp shoukl be operated on (> to 8 volts» or a 0-volt lamp on o to 
4 volts othersvLso they appear undesirably bright. By placing a filter of 
coloured glass or gelatine in front of the lump approximately monochro¬ 
matic light may be obtaineil, should that be desirable for any particular 

experiment. . , , x ,• i 

Metliods of obtaining narrow beams of light for elementary optical 

experiments are described in the Science ^Mcuitcrs' Book, Physics (Murray). 


2.—Attention may be drawn to the great advances that have 
been made in the developments of plastics, the name given to materials 
callable of being ea-silv moulded, many of winch posse.ss valuable mechani¬ 
cal. optical, and electrical properties. Some of these are waxes and cements, 
described as thermoplastics, the changes in their properties being usually 
reversible witli temperature. Shellac, however, is polymerised by heat, 
giving a liarder product. In addition there are many other substances 
whicli set, can bo vulcanised and polymerised by the application of heat. 
These include synthetic resins, rubber cements, and inorganic cements. 
Some of them are described in John Strong's Modern Physical Laboratory 
Practice (Hlackie and Son, 1040), but the varieties are continually in- 
crca.sing. One of the most useful to tho physicist is Bakelite, which is a 
polymerised plienol aldeliydc. obtainable in several forms. Among other 
phi.stics witli trade names which may be mentioned are Alkathene (poly¬ 
merised ethylene), which is tough and flexible at low temperatures, and 
may bo u-scil n.s an insulator in the manufacture of electric cables, and 
M’clvlc (polyvinyl chloride composition.s) developed for tlio sheathing and 
insulation of cables, and for the manufacture of sleevings and tubings. 
It can bo applied by extrusion over other dielectrics such as Alkathene 
or rubber. Another material of interest, known as Perpex, can be obtained 
as clear acrylic resin .sheets and blocks, which have many applications, 
notably as li glazing material in aircraft. Transpex is a synthetic organic 
optical material developed by Imperial Chemical Industries for the con¬ 
struction of len.ses, prisms, and mirrors for optical instruments. 

It is well known that light after passing through a suitable plate of the 
crystal tourmaline acquires properties related to tlio axis of the crystal. 
The light now has two-sidedness or polarity, and is .said to be plane- 
polarised. On the wave theory this indicate.s properties relatetl to certain 
directions perpendicular to the direction in which the light is travelling, 
suggesting that light vibrations are transverse. A. very interesting optical 
material for the production or analysis of polarised light is polaroid. This 
consists of sheets of cellulose filled with minute crystals of an organic 
compound all having their axes parallel to the same direction. By forcing 
a mixture of cellulose and herapathite crystals through a narrow slit, the 
needlo-liko crystals orientate themselves in the flowing plastic material. 
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APPENDIX 


PHYSICAL CONSTANTS AND MATHEMATICAL 

TABLES 


The values of the constants are taken from the Smithsonian Phy¬ 
sical Tables, the International Critical Tables, Physicxxl and Chemical 
Constants, by Kaye and Laby, Physical Constants by W. H. J. Childs, 
and papers by Professor R. T. Birge. 

The mathematical tables are reproduced from Mr. F. Castle’s 
Logarithmic and other Tables for Schools (Macmillan & Co., Ltd.), by 
kind permission of the publishers. 


MATHEMATICAL CONSTANTS 


Number 
trss 3*1416 
9*8696 

-=0*3183 

71 

l7r=4*1888 

e= 2*7183 


Logaritliiii to Ixise 10 
0*49715 
0*99430 

1*50285 

0*62209 

0*43429 


Numbers frequently occurring— 

2 

3 

*v/2= 1*4142 

V3= 1 7321 

981 

30*48 

2*540 

453*59 

760 

273 

4.0 

log. 10=2*30258 


0*30103 

0*47712 

0*15052 

0*23856 

2*99167 

1*48401 

0*40483 

2*65666 

2*88081 

2*43616 

0*62325 


One radian (unit angle, for which the arc equals the 


= 67“17'45'=206265'. 


rodius)=67°*2958 


FORMULAE IN MENSURATION 


Circumference of a circle, radius r 
Area of a circle 

Area of on ellipse, semi-axes 11 end 

Surface of a sphere 

Volume of a sphere 

Volume of a cylinder 

Volume of a cone 

Volume of a pyramid 

Volume of a prism 

559 


= 27rr 
= ttt* 
b — nab 
= 47rt*2 
= iTTp 

= TTT* X height 
= Jjrr* X height 
= } area of base x height 
= area of base x height 
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MOMENTS OF INERTIA 

Moments of Inertia about an axis of symmetry. 

Circular ring or hoop, ra<lius «, 

I = Ma». 

licclangulnr bar about an axis tlirough the centre of gravity perpen¬ 
dicular to tiic edges of length '2a and 26, 

FJliptic plate, semi-axes a and 6, about an axis tlirough the centre of 
gravity perpendicular to its plane, 

I = m21?A’. 

4 


The circular plate is a particular case, a = fe and 


.a 




Solid ellipsoid, semi-axes a, b, c about the axis c. 


I= 

5 

The sphere is a particular case, a — b = c. 

I = ^Ma*. 

5 

These results are summarised in Routh’s rule, which states that the 
moment of inertia, I, about an axis of symmetry is given by— 

]Mass (sum of squares of perpendicular semi-axes) 

3, 4 or 5 

The denominator is to be 3, 4, or 5, according as the body is rectangular, 
elliptical, or ellipsoidal. 

Thus for a (Cylinder, length 2a, radius 6, about an axis perpendicular 
to its length, the section parallel to o is rectangular in type while the section 
parallel to 6 is elliptical m type, so that 


For a Circular disk radius, a, about a diameter. 


I = M^. 

4 


BRITISH IMPERIAL AND METRIC MEASURES 


Length 


1 inch 
1 foot 
1 yard 
1 metre 


= 2-5400 cm. 
= 30-480 cm. 
= 91-4399 cm. 
= 39-370 in. 


I^Iass 

1 grain = 64-8 milligrams. 

1 ounce = 28-350 gm. 

1 pound = 453-59 gm. 

1 kilograms 2*2046 lbs. 


Area 

1 sq. inch = 6*4516 sq. cm. 

1 sq. foot = 929*03 sq. cm. 

1 sq. yard = 8361*27 sq. cm, 
1 sq. metre = 1550-0 sq. in. 

Capacity 

1 pint = 0-568 litres. 

1 quart = 1-136 litres. 

1 gallon = 4-546 litres. 

1 fluid ounce= 23-3815 c.c. 
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FUNDAMENTAL PHYSICAL CONSTANTS (1941) 


Velocity of light 

Electron charge 

Faraday’s constant 

Av'ogadro’s constant 

Mass of the cIe<-tron 

Mass of the proton 

Gas constant for 1 inolo 

Volume of one mole at N.T.P 

One electron volt 

Joule’s equivalent 

lee point 


c — 2-9977(5 ' lO’" cm. se<-.-* 

e — 4-»025 X Ut e.s.u. 

/•’ =9-(»-ls7 X lU^ e.rn.u. (j:in. e<i\iiv.)-* 
A = (5-0228 • 10-^ mole-' 

--9-1015(5 X U)--“ gm. 

1 (57248 X 10-“^ gm. 

Ity, - S ;U43(5 ■ 10' erg. deg.-' mole-' 

- 22-414 litres. 

= 1-60203 X 10-»2 erg. 

,/ =54-1855 j<mle cal.'' 

'l\ =273-16' K. 


ELASTIC MODULI IN DYNES PER SQUARE CM. 


Material 
Aluminium 
lirass 
Copper 
Iron . 
Platinuni 
Silver 
Glas.s 


Young's Mcxlultis 

7- 2 to 7-5 X 10” 

8- 5 to 10-5 X 10” 
10-5 to 13-2 X 10” 
about 20 X10” 
15 to 17 X 10” 

7-1 to 7-4 X 10” 

0 to 8 X 10” 


Miiilulus of ]vigi<iity 

2- 5 to 3-4 X 10” 

3- 5 to 3-7 X 10” 

4- 2 to 4-8 X 10” 

5- 2 to 8-2 X 10” 

6- 2 to 6-6 X 10” 
2-5 to 3-0 X 10” 
2-3 to 2-7 X 10” 


DENSITY OR MASS IN GRAMS PER C.C. 


THetni'Uts 


Aluminium 

Antimony 

Bismuth 

Copper 

Gold 

Iron 

Lead 

Magnesiuii 

Nickel 

Osmium 

Platinum 

Silver 

Tin 

Zinc 


2-70 

6-62 

9-80 

8-30-8-95 
19 3 

7- 5-7-9 
11-3 

1-74 

8- 6-8-9 
22-5 
21-45 
10-5 

7-3 

7-1 


Solids 


t'ommun Substancc.s 


Boxwootl 

Cork 

Pitch Pino 

Yellow Pino . 

Mahogany 

Oak 

Walnut 

Beeswax 

ICbonito 

Gloss, common 

Glass, flint 

Ice 

Paraflm wax . 
Brass . 


0-05-M6 

O-22-0-26 

O-83-0-85 

0-37-OCO 

0-85 

0-60-0-90 

0-64-0-70 

0-96-0-97 

1- 15 

2- 4-2-8 
29-5-9 
0-917 
0-87-0-91 
8-4-8-7 


Alcohol, ethyl 
,, methyl 

Anilin 

Carbon disulphide 

Chloroform . 

Ether 

Glycerin 

Paraffin 

Petrol 

Mercury 


[QUIDS 


Grams per c.c. 

Temp. In ®C 

0-807 

0® 

0-810 

0“ 

1-036 

0® 

1-293 

0“ 

1-480 

18® 

0-736 

0® 

1*260 

0® 

0-878 

0® 

0*70 to 0-80 

15® 

f 13-596 

0® 

\ 13-646 

20® 


T 
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Gases 


Air . . . • 

Aqueous vapour (eulculated) 

Carbon dioxiilo 

Hydrogen 

Nitrogen 

Oxygen 


Grams per c.c. iit 0’ C. 
aii<i 70 cm. pressure 

00012*528 

0-000814 

00010708 

0-00000004 

00012514 

0-0014292 


COEFFICIENTS OF LINEAR EXPANSION 


Tlie vahio quoted is the mean coefficient of linear expansion between 0° C. 
and 100 C. 


Aluininiuni 

. 0-000022 

Lead 

. 0-000027 

Hr ass » 

. 0000019 

Platinum 

. 0-000009 

C*opi)tT 

. 0-000017 

Silver 

. 0-000019 

Cl lass » 

. 0-000008-0-000009 

Tin 

. 0-000023 

(■old . 

0-000014 

Zinc 

. 0-000029 

Iron 

0-000011 

Fused Quartz 

. 0-0000005 


SPECIFIC HEATS 

A 


Thoriual capacity of unit mass in calories (gram)"* (degree C.)*‘ 


Solids 


Aluminium 

. 0-217 

Lead 

. 0-031 

Bras.s 

. 0-092 

Platinum 

, 0-032 

Copper . 

. 0-093 

Silver 

. 0-056 

Glass 

. 0-19 

Tin 

. 0-055 

Gold 

. 0-031 

Zinc 

. 0-092 

Iron 

. 0-113 

Quartz . 

. 0-191 


Liquids 


Alcohol (17° C.) 

. 0-58 

' Mercury 

. 0-033 

Anilin 

. 0-514 

1 Paraffin 

. 0-511 

Glycerin 

. 0-576 

1 Turpentine 

. 0-43 


COEFFICIENTS OF THERMAL CONDUCTIVITY 


Aluminium 
Brass 
Copper . 
Glass 
Iron 


Calories, cm.'*, sec.-^ (deg. C.)“* 


. 0-48 

Lead 

• 

. 0-08 

(about) 0-2 

Platinum 


. 0-17 

. 0-9 

Silver . 


. 1-0 

(about) O-OOl 

Tin 

• 

. 0-15 

. 0-10-0-14 

Zinc 

• 

. 0-26 


Pasteboard . . (about) 0-0004 

Rubber . . (about) 0-0003 
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PRESSURE OF SATURATED AQUEOUS VAPOUR 


Pressuivs in nnn. of moroury 


Temp. 


I 

Ti-mp. 

Pressure 

0° C. 

4-0 


13- C. 

112 

1 

4-9 


14 

12-0 

2 

5-3 


15 

12-8 

3 

5 7 


1 

13-6 

4 

6-1 


17 

14-5 

5 

6-5 


18 

15-5 

6 

7-0 


19 

16-5 

7 

7-5 


20 

17-5 

8 

8-0 


21 

lS-7 

9 

8-6 


22 

19-8 

10 

9-2 


23 

21-0 

11 

9-8 


24 

22-4 

12 

10-5 


25 

23-8 


REFRACTIVE INDICES 

Temperature 

Water (17-5* C.) 

Alcohol (15-0^ C.) 

Amlin (20 0® C.) 

Benzene (21-6® C.) 

Carbon disulphide (20’0® C.) 
Broinnaphtalm (20‘0® C.) 
C^o^vn glass (ordinary) 

„ (heavy) . 

Flint gloss (ordinary) 

(heavy) . 

Quartz (ordinary ray) 

,, (extraordinary ray) 

„ (fused) 


FOR SODIUM LIGHT 


1 3332 

1-3635 

1-5863 

1-5004 

1 6276 

1-6582 

1-53 

1-61 

1-65 

1-74 

1-5442 

1-5533 

1-45843 


WAVE-LENGTHS 


Wave-lengths are usually expressed in 
Metres (10**® metre). 1 A.U.= 10*® cm. 
Wave-lengtlis are sometimes expressed 


Angstrom Units (A.U.) or Tenth 
in a unit ton times larger, viz. the 


micromillimetre (m/i). 
Primary Standard : 


Red cadmium line 6438-4696 A.U. 


Tho Solar S|K;etruin 


Atmospheric 

Hydrogen a 
Sodium 

Iron 

Magnesium 
Hydrogen ^ 
Hydrogen y 
Iron 

Hydrogen S 
Calcium 

99 


A 

7661 

B 

6867 

C 

6563 

D, 

5896 

D. 

5890 

E' 

6270 

bi 

6178 

I 

F 

4861 

4340 

G 

4308 

h 

4102 

H 

3968 

K 

3934 


Einieslon Spectra 

Potassium (red) 

Lithium (red) 

„ (orange) 

Sodium (yellow) 

*» * * 
Noon (yellow) 

Mercury (yellow) 

„ (green) 

Thallium (green) 
Strontium (blue) 
Mercury (violet) 

Calcium (blue) 
Potassium (violet) . 


7700 

6708 

6104 

5896 

5890 

5853 

/5791 

1.6770 

5461 

5351 

4608 

4358 

4227 

4047 

4044 


ft 
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RESISTIVITY OR SPECIFIC RESISTANCE 


Tho resistance in olims of a wire 1 cm. in length, 1 aq. cm. in cross section. 
I'he unit of resistivity is the ohm cm. 


Elements 

Tomp. 

Aluminium 

. (20^) 

Copper 

. (20 ) 

Iron (pure) 

(0*) 

(piano wire) • 

. (0“) 

Lead 

. (0^) 

Magnesium • 

. (0^) 

Mercury . • 

. (20) 

Nickel 

. (0^) 

Platinum » 

. (0^) 

Silver 

. (18°) 

Tin . 

. (0") 

Zinc 

. (0^) 


Resistivity 

Temp. Coeftlcient 

0*0000028 

0*0039 

0*0000017 

0*0040 

0*0000088 

0*0062 

0*0000118 

0*0032 

0*0000204 

0*0043 

0*0000044 

0*0038 

0*0000957 

0*00088 

0*0000069 

0*0062 

0*0000110 

0*0037 

0*0000016 

0*0040 

0*0000130 

0*0046 

0*0000057 

0*0040 


AWoys 

Brass 

IMungnnin . 

Platinoid . • 

Constanton or Eureka 
Kichroine . 


(about) 0 000007 0-0010 

(about) 0 000043 0*00002 

(about) 0 000034 0*00025 

. 0000048 ±0*00001 

. 0*000110 0*00017 


ELECTROCHEMICAL EQUIVALENTS 

The electrochemical equivalent of silver is here assumed to be 0*001118 gm, 
per coulomb. 


Element 

Atomic Weight (1041) 
(0-10) 

Valency 

E.C.B. 

(grams per coulomb) 

Aluminium . 

26*97 

3 

0*0000032 

Copper 

63*57 

(1)2 

0*0003294 

Gold . 

. 197*2 

(1)3 

0*0006809 

Hydrogen 

1*008 

1 

0-00001045 

Oxygen 

16*00 

2 

0*0000829 

Nickel 

58-69 

2(3) 

0*0003041 

Silver 

107*88 

1 

0*001118 

Zinc . 

65*38 

2 

0*0003388 



BRITISH 

STANDARD WIRE 

GAUGE 


W.G. 

Diameter 

Inch Mtn. 

S.W.O. 

4 

loch 

Diameter 

Mm. 

0 

0*324 

8*23 1 

26 

0*0180 

0*467 

2 

0*276 

7*01 

28 

0*0148 

0*376 

4 

0*232 

5*89 

30 

0*0124 

0*315 

6 

0*192 

4*88 

32 

0*0108 

0*274 

8 

0*160 

4*06 

34 

00092 

0*234 

10 

0*128 

3*25 

36 

00076 

0*193 

12 

0*104 

2*64 

38 

0*006,0 

0*152 

14 

0*080 

203 

40 

0 0048 

0*122 

16 

0*064 

1*63 

42 

0*0040 

0*102 

18 

0*048 

1*22 

44 

00032 

0*081 

20 

0036 

0*914 

46 

0*0024 

0*061 

22 

0*028 

0*711 

48 

0*0016 

0*041 

24 

0*022 

0*569 

60 

0*0010 

0*026 
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MEAN VALUES OF THE MAGNETIC ELEMENTS AT :\IAC;NETIC 

OBSERVATORIES 


Mvich assistance has l)cen given by the Superintendent of llie JIapnclic 
Department, The Koyal Ol)servatory, Greenwich. 


Flare 

iMititiide 

Longitude ' 

4 

Dcciination ^ 

1 

liirliiiatioii j 

1 

H 

\' 

1 

Year 

1 

1 N. Map. Polo * 

N 

70^ 40' 

96’ 5' 

• « 

90' 0' 

y 

4 4 

y 

(598001 

1 

♦ 1 

Lerwick 

60 8' 

1 11' W. 

ir39'W. 

72 58' 1 

14381 

46937 

1944 

: Sloutbk (Leningrad) 

59 41' 

30 29 E. 

5 12' E. 

72 17' 

15240 

47686 1 

1940 

Sitka, Alaska. 

57^ 3' 

135’ 20' W. 

29^ 56' W. 

74 20' 

15441 

55027 

1938 

Eskdaleuiuir t 

55^ 19' 

3’ 12' W. 

1 12 23' W. 

69 52 5' ' 

16523 

45090 

1944 

Meanovk 

54' 37' 

113 21' W. 

25^ 34' 

77 52' 

12729 

59188 

1942 

St onyhurst t • 

53’51' 

2 28' W. 

lU 30-6' \V. 

68 54'5' 

17165 

44504 

1943 , 

Niemegk (Potsdam) 

52’ 4' 

12’41'E. 

3 46 W. 

67 3' 

18436 

43546 

1943 

Valentin 

51’56' 

10'15' W. 

16’ 2'\V. 

67 58' 

17808 

44012 

1938 

Aliinger (Greenwich) 

51’ IT 

O’ 23' W. 

10’ O'W. 

66 44' 

18573 

43207 

1945 : 

V*al Joveux (Paris) . 

48’49' 

2' r E. 

9’ 57' \V. 

64 45' 

19647 

41668 

1936 

Agincourt, Ont, 

43’ 47' 

79 16' W. 

7’ 31' W. 

74 50' 

15303 

56460 

1942 

Ehro (Tortosa) 

40’ 49' 

0’ 30' E. 

8’ 27' W. 

57’ 16' 

23634 

36760 

1943 

Coimbra 

40’ 12' 

8’ 25' W. 

12 ' 41' W. 

57 18' 

23394 

36428 

1939 

Cheltenliam, U.S.A. 

38’44' 

76’50'W. 

7’ 6'W. 

71 22' 

18179 

53924 

1942 

San Fernando 

36’ 28' 

6’ 12' W. 

10’ 56' W. 

52 54' 

25468 

33681 

1943 

Tucson 

32’ 15' 

110’50'W. 

13’ 45' E. 

59' 40' 

26091 

44569 

1943 

Dehra Dun 

30’ 19' 

78’ 3' E. 

0' 49' E. 

45'41' 

33280 

34085 

1938 

Au Tail (Hong Kong)^ 
Honolulu, Hawaii . 

22’ 27' 

114’ 3'E. 

0= 38' W. 

30'25' 

37705 

22153 

1939 

2r 19' 

158’ 4'\V. 

10'25' E. 

39’ 9' 

28442 

23153 

1942 

Teoloyucan, Mex, . 

19’ 45' 

99’ 11' VV. 

9= 40' E. 

47' 9' 

30733; 

1 

33120 

1943 

Aliliag, India • 

18' 39' 

1 72’52'E. 

0’ 33' W. 

25’ 15' 

s 

32’ 26' 

N 

2' 10' 
s 

30’ 35' 

37867 

1 17855 

1941 

Kuyper (Batavia) . 

.s 

6’ 2' 

106’ 44' E. 

1’ 15'E. 

37039 

23536 

' 1938 

Huancayo 

12’ 3' 

75' 20' W. 

6 35'E. 

29367 

1114 

' 1944 

Apia 

13’ 48' 

171’ 46' W. 

10’ 45' E. 

34894 

20631 

1938 

Mauritius • • 

20’ 6' 

67’ 33' E. 

; 14' 41' W. 

53’ 19' 

22400 

30072 

1944 

La Quiaca 

22’ 8' 

65’ 43' W. 

4 17' E. 

12’ 21' 

26223 

5743 

1933 

Vassouras 

22’ 24' 

43’ 39' W. 

13’ 59' W. 

18’ 58' 

23683 

8138 

1942 

Wathcroo • 

30’ 19' 

115’ 53' E. 

3’ I'W. 

64’ 25' 

24745 

51693 

1944 

Pilar 

31’40' 

63’ 53' W. 

4 59' E. 

26’ 48' 

23884 

12066 

1944 

Tooiangi 

37’ 32' 

145’ 28' E. 

9’ 2'E. 

67’ 51' 

22896 

56249 

1943 

Aniberley, N.Z. 

43’ 10' 

172’43'E. 

18’43' E. 

68’ 4' 

22233 

55208 

1942 

S. Mag. Pole J. 

71’ 10' 

150’ 45' E. 

# ¥ 

90’ 0' 

• • 

[64000] 

1914 


In the valu«» of the Horizontal Force. H. and the Vortical Force V ly corresponds to 1 x 10-» 

C.O.S. unit. The last figure is not reliable. . . • -x u 

III conw^qucnco of the increased use of electric railvTaye and of cloctno power in cities u has 
been found necossary to csUblisli magnetic obscrvalorica in country dlntrictH. as at Abingcr m 
Surrey, Etiglaiid, for Greenwich, E^kdalemuir in Scotland, Sloutek for Leningrad, Niemegk for 
Potsdam, Chambonda-ForSt for Val Joyeux (Paris). 

• Amundson, 1905. . .... 

f From inlormation kindly supplied by the Director* t 1914* 
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ATOMIC NUMBERS AND ATOMIC WEIGHTS OF ELEMENTS 


Af<>tnic 1 
Number 

■-— 


Symbol 

Atomic 

Principal Isotopes 

Klomeiit 


Weight 

Xumbors 

^ 

Hvdrocen . 

% 

H 

1-0080 

L 2. (3) 

1 

♦ ^ ^ 

• Deutoriuin 

% 

D 

20142 



Tritium • 


T 



2 

Helium 


He 

4-003 

4. 3, (6) 

3 

Lithium . 

• 

Li 

6940 

7. 6 

4 

Beryllium • 

% 

Be 

9-02 

9. 10. 7 

5 

Boron 


B 

1082 

11. 10 

6 

Carbon 

• 

C 

12011 

12. 13 

7 

8 ; 
9 

Nitrogen . 
Oxygon 
Fluorine . 


N 

0 

F 

14-008 

16-0000 

19-00 

14. 15 

16. 18. (17) 

19 

10 

Neon 

% 

Ne 

20-183 

20. 22. (21) 

11 

Sodium 

# 

Na 

22-994 

23 

12 

Magnesium 


Mg 

24-32 

24. 25, 26 

13 

Aluminium 


A1 

26-97 

27 

14 

Silicon 


Si 

28-06 

28, 29, 30 

15 1 

16 

Phosphorus 
Sulphur . 

• 

P 

S 

30-98 

32-06 

31 

i 32, 34, 33 

• ^ 1 

17 

Chlorine . 


Cl 

35-457 

35. 37 

18 

Argon 

• 

1 A 

, 39944 

40. 36. (38) 

19 

Potassium 


K 

39-096 

39. 41 

20 

Calcium 

# 

Ca 

40-08 

40. 44, 42, (48), (43) 

21 

Scandium . 

% 

Sc 

45-10 

45 

22 

Titanium . 

# 

Ti 

47-90 

48, 46. 47, 49, 50 

23 ! 

Vanadium 

4 

V 

50-95 

51 

24 

Chromium 


Cr 

5201 

52. 53. 50. 54 

25 

Mancancse 

% 

Mn 

5493 

55 

26 

Iron 


Fe 

55-85 

56, 54, 57 

27 

Cobalt 


Co 

58-94 

59 

28 

Nickel 

• 

Ni 

58-69 

58, 60. 62 

29 

Copper 


Cu 

63-57 

63. 65 

30 

Zinc^ 


Zn 

65-38 

64. 66, 68. 67. 70 

31 

Gallium . 

# 

Ga 

69-72 

69, 71 

32 

Germanium 

4 

Ge 

72-60 

74, 72, 70. 73, 76 

33 

Arsenic 

4 

As 

74-91 

75 

34 

Selenium . 

4 

Se 

78-96 

80, 78, 76, 82, 77, 74 

35 

Bromine . 

4 

Br 

79-916 

79. 81 

36 

Krypton . 

4 

Kr 

83-7 

84, 86. 82, 83, 80, 78 

37 

Rubidium 

4 

Rb 

85-48 

85, 87 

38 

Strontium 

4 

Sr 

87 63 

88. 86, 87 

39 

Yttrium . 

4 

Y 

88-92 

89 

40 

Zirconium 

• 

Zr 

91-22 

90. 94, 92, 91. 96 

41 

Niobium t 

• 

Nb 

92-91 

93 

42 

Molybdenum 

• 

Mo 

95-95 

98, 96, 95, 92, 94, 100, 97 

43 

Masurium . 

4 

5Ia 


_ 

44 

Ruthenium 

4 

Ru 

101-7 

102, 101, 104, 100, 99. 96, 98 

45 

Rhodium . 

# 

Rh 

102-91 

103 

46 

Palladium 

4 

Pd 

106-7 

106, 108, 105, 110,104 

47 

Silver 

4 


107-880 

107, 109 

48 

Cadmium . 

4 

112-41 

114, 112, no. 111, 113,116 

49 

Indium 


In 

114-76 

115, 113 

50 

Tin . 


So 

118*70 

120. 118, 116. 119, 117, 124, 






122, 121, 112, 114,115 


Or Glaoinam (Gl), 


t Or Colambium (Cb)« 








APPENDIX 


5G7 


ATOMIC NUMBERS AND ATOMIC WElOliTS OF ELEMENTS 
TJic miinlitT ol isotojics is now Tcrv great ; inajiy arc radioactive.* 


« 

Atonuc 1 
>’uinl‘cr 1 

KIriiU’ilt 

Syinlixl 1 

Aftunio 

Wficht 

51 

Antimony. 

SI) 

121-76 

52 ; 

Ti iluriuin . . i 

Tc 

1 

127-61 

53 ; 

Iodine . • | 

I 1 

126915 

54 ! 

Xenon . . ! 

1 

\o ' 

131 3 

55 

1 

1 

Caesium . . i 

Ca 

13291 

56 

Barium 

Ba 

137-36 

57 

Lantliaiuim 

La 

138-92 

58 

Ceritiin . . | 

cc : 

140-13 

59 

Pra.seotivmium . ' 

Pr 1 

140-92 

60 

% 

Neodvniiutn . 

N<1 

144-27 

61 

Illinium . . ' 

11 

— 

62 

Samarium 

Sm 

150-43 

63 

Europium. 

Eu 

152-0 

64 

Gadolinium 

(Jd 

156-9 

65 

Terbium . 

T1) 

159-2 

66 

Dysprosium 

Dy 

162-46 

67 

Holmium « 

Ho 

164 94 

68 

Erbium 

Er 

167-2 

69 

Thulium . 

Tm 

169-4 

70 

Ytterbium 

Yl» 

173-04 

71 

Lutecium . 

Lu 

174-99 

1 - - - 

72 

Hafnium * 

Ha 

178-6 

73 

Tantalum . 

Ta 

180-88 

74 

Tungsten . 

\V 

183-91 

75 

Rhenium . 

Re 

186-31 

76 

Osmium . 

Os 

190-2 

77 

Iridium 

Ir 

193-1 

78 

Platinum . 

Pt 

195-23 

79 

Gold 

Au 

197-2 

80 

Mercury • 

Hg 

200-61 

81 

Thallium . 

T1 

204-39 

82 

Lead 

Pb 

207-22 

83 

Bismuth . 

Bi 

209-00 

84 

Polonium . 

Po 

210 

85 

86 

Ration t . 

Kn 

222 

87 

88 

Radium 

Ra 

226-05 

89 

90 

Actinium . 
Thorium . 

Ac 

Th 

226* 7 
232-12 

A O 

91 

Uranium X^ 

Uxj 

234 

91 

92 

Protactinium 
Uranium . 

Pa 

U 

238 07 

93 

94 

Neptunium 

Plutonium 

Np 

Pu 

(239) 

(239) 

95 

Americiam 

Am 


96 

Curium 

Cm 



Mas.s NuiiiImts 


121. 123 

130. 128. 126, 125, 124, 122, 
123, (127) 

127 

129. 132. 131, 134. 136. 130. 

128, 126, 124 
133 

138. 137, 136, 135, 134 
139 

140, 142 
141 

142, 144, 146, 143, 145, 148 

152, 154, U.7, 149, 148 

153, 151 

158, 160, 156, 157, 157 
159 

164, 163, 162, 161 
165 

166. 168. 167, 170 
169 

174, 172, 173, 171, 176 

175, 176 

180, 178, 177, 179, 176 
181 

184, 183, 182 
187, 185 

192, 190, 189, 188, 187, 186 
193 191 

195! 194, 196, 198, (192) 

197 

202, 200, 199, 201, 198, 204. 

196, 197, 203 
205. 203 

208. 206. 207, 204, 209, 210, 
203, 205 
209 


232 


238. 235, 234, 239 

237,239 

239 

241 

240, 242 


. For a lengthy list of isotopes. ,6. pp, t-32 (,944). For the trans- 

uranium elements, see Nature, 169, p. 863 (1947). 
t Or Niton (Nt), Radium Emanation. 




LOGARITHMS 





0086 0128 

0492 0531 

0864 0 S 99 

1206 1239 

2 1523 1553 

1790 1S18 1S47 
2041 20OS 2095 2122 
2304 2330 2355 2380 
2553 2577 2601 2625 

2788 2S10 2833 2856 


3oto 3032 

;3222 3243 

3424 3444 

23 3617 3636 

24 3802 3820 


25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 


3979 

4150 

43‘4 



3997 

4166 

4330 

4487 

4639 

4786 

492S 



5065 5 

5198 5211 

5328 5340 


4914 

505 * 

5185 

5315 

5441 5453 
5563 5575 

5682 5694 
579S 5809 
5911 5922 

6021 6031' 

6128 6138 

6232 6243 ^ 

6335 6345 6355 6365 

6435 6444 6454 6464 

6532 6542 6551 6561 
6628 6637 6646 6656 

6721 6730 6739 6749 

6812 6821 6830 6839 
6902 6911 6920 6928 


3075 

3284 

3483 

3<j74 

3856 

4031 

4200 

4362 

4518 

4669 

4814 

4955 

5092 

5224 

5353 

5478 

5599 

57«7 

5832 

5944 

6053 

6160 

6263 

6365 

6464 


4048 

4216 

4378 

4683 

4829 

4969 

5105 

5237 

5366 

5490 

5611 

5729 

5*43 

5955 


0253 0294 0334 03 
0645 0682 0719 0755 
1004 1038 1072 1106 
*335 *367 1399 *430 
1644 *673 *703 *732 

* 93 * *959 *987 
2201 2227 2253 
2455 2480 2504 
2695 2718 


2923 

3*39 

3345 

354 * 

3729 

3909 

4082 

4249 


5276 5289 

3 54 *t> 

5539 

5658 

5775 

5888 

5999 
6107 
6212 

63*4 
, 64*5 
65*3 


6702 
679 


6964 6972 


4 9*3 
4 8 12 
4 8 12 
4 7 ** 
3 7 ** 
3 7 10 
3 7 10 
3 7 *0 

369 

369 

369 
368 
3 5 8 
3 5 8 


7 8 9 


721 26 303438 
6 20 24 28 32 36 

15 *923 273 * 35 

IS 1922 263033 
14 18 21 25 28 32 
14 J7 20 24 27 31 
13 16 20 23 26 30 
o 13 16 19 22 25 29 
9 12 15 19 22 25 28 
9 12 15 17 2023 26 

9 11 14 17 20 23 26 


2 

5 

7 

2 

5 

7 

2 

5 

7 

2 

4 

7 

2 

4 

6 

2 

4 

6 

2 4 

6 

2 

4 

6 

2 

4 

6 

2 

4 

5 

2 

3 

5 

2 

3 

5 

2 

3 

5 

2 

3 

S 

1 

3 

4 

1 

3 

4 

1 

3 

4 

1 

3 

4 

I 

3 

4 

I 

3 

4 

1 

2 

4 

1 

2 

4 

I 

2 

3 

1 

2 

3 

I 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

I 

2 

3 

I 

2 

3 

I 

2 

3 

1 

2 

3 

I 

2 

3 

I 

2 

3 

1 

2 

3 


9 11 14 17 20 23 20 
8 II 14 17 192225 
8 11 14 16 19 22 24 
8 10 13 16 18 21 23 
10 13 15 18 20 23 
1012 15 172022 
9 12 14 161921 
9 II 14 16 1821 
9 11 13 16 18 20 
81113 *5 *7 *9 

8 II 13 15 17 19 
8 10 12 14 16 18 
8 10 12 14 15 17 

7 9 '* * 3 * 5*7 
7 9 11 12 14 16 


7 9*0 
7 8 10 
689 
6 S 9 
6 7 9 

679 

678 

5 7 8 
568 

5 6 8 

5 6 7 
5 6 7 
567 
567 

4 5 7 
456 

4 5 6 
456 
456 
456 


*2 14 IS 
II 1315 
II 13 14 
II 12 14 
10 12 13 

10 II 13 
10 II 12 
9 11 12 
9 10 12 
9 10 11 

9 10 II 
8 10 II 
8 9 10 
8 9 10 
8 9 10 

S 9 10 

789 

789 

789 
7 8 9 | 

789 

778 

678 

678 

678 


568 






































LOGARITHMS 




50 1 6990 

51 7076 

52 7160 

53 7243 

54 7334 


699S 

7084 

7168 

725' 

7332 

7412 


7007 

7093 

7»77 

7259 

7340 




60 
61 
62 
63 
64; 

65 S 

66 S 



61 702417033 7042 

7[io 7118 7126 
7193,7202 7210 
7275:7284,7292 
7356 73641 7372 
7435 7443 7451 
7497 7505l75'3 7520 7528 
7574 75^3)7589 7597 7604 
7664 7672 7679 

7738 7745,7752 

7810 78 

7S82 78S917896 
7952 795 
8021 8028,8035 
8082 8089 8096 

8149 8156 8162 
8215 8222 8228 
8280 8287 8293 

8344 835 * 8357 

8407 8414 8420 

846318470 847618482 
852518531 8537,8543 


7050 

7135 

7218 

7300 

7380 

7459 

7536 

7612 

7686 


7067 

7152 

7235 

73>6 

7396 


875 ' 

S808 
8865 

78 8921 

79 8976 

80 9031 

81 9085 

82 9138 

83 9191 

84 9243 

fiS 9294 
9345 
9395 
9445 
9494 


8814I8820 

887118876 


6 7 8 
678 

5677 
5667 

5667 

. .5 567 
22 345 567 
22 345 567 
567 
5 6 7 
5 6 6 
3 4 4 566 
3 3 4 566 
3 3 4 556 
3 3 4 5 5 

334 556 
334 556 
334 556 

334456 

234 456 
234 456 

234455 

234 455 
234 455 
234 455 

233455 
233455 

233 445 
233 445 
233 445 

233445 

233445 



9299 9304 

9350 9355 
9400 9405 
9450 9455 
9494 9499 95^4 

9542 9547 9552 
9590 9595 9600 
9638 9643 9647 

9685 9689 9694 
973> 9736 974« 

9777 9782 9786 
9823 9827 9832 
9868 9872 9877 
9912 9917 9921 
9956 9961 9965 


93>5 9320. 


9609 9614 


9703,9708 9 
97501 9754 9 
9795 9800 
9841 9845 
9886,989019 


997419978 


669 




















































ANTILOGARITHMS 
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D 

1 

2 

! 3 

4 

i ^ 

1 6 

■ 

7 

8 

1 

9 

IQ 

4 5 6 

789 


1 lOOO 

1002 
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11007 

1009 
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1 

11014 

1016 

1019 

m 
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1 

I 

1 
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1026 

1028 

1030 

1033 

■035 

1038 

1040 

1042 

B9 

0 

0 

I 

D 

E 
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2 2 2 



1050 

1052 

■054 

1057 

11059 
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0 

I 

B 
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B 
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03 : 
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0 

I 
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1096 
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1102 

1104 

1107 
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H17 

1119 

0 

I 
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05 

1122 
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1127 
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1 1202 
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ANTILOGARITHMS 
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4581 4592 
4688 4699 
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5260 5272 
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5636 5649 

5768 5781 
: 5902 5916 
6039 6053 
61S0 6194 
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6471 6486 
6622 6637 
6776 6792 
6934 6950 

7096 7112 
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7430 7447 
7603 7621 
7780 7798 


5012 
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5495 

5623 
5754 
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6166 
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6457 
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7762. 
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Proper names in italics 


Abscift.<a, 9 

Absolut43 Instrumont, 381, 475 
AbsoUite Temperature, 2S5, 2H7 
Absorption lines, 24(5 
A,C. Sec Alternating Current 
Acceleration, 51, 70, 102, 105, 100, 
107-8, 114 
angular, 114 

due to gravity^ 70, 100, 108, 111, 130, 
131-3, 135-0 
Accommodation, 236 
Accumulator, 371, 372 
Accuracy of observations, 5, 204 
Acoustics, 102 

Activity, units of, 76, 78, 85, 441-2 
Adjustment, normal, 234 
of spectrometer, 241, 245 
Advantage, mechanical, 78-9 
Aerial, 495, 497, 501 
Air, expansion of, 280 
thermometer, 282 

Alternating current, 451-3, 454, 462, 
464 

E.M.F., 451-3 
Altitvide, 195 
Amber, 363 
Ammeter, 384, 481 

attracted iron, 97, 384, 481 
calibration of, 385 
correction factor of, 387 
hot wire, 384, 481 
moving coil, 384, 482 
shunt for, 481 

Ampere, the (or amp.), 381, 384, 433, 
440 

Amplifier, 524, 627 
Amplitude, 123, 125 
Amsler^ 29 

Aneroid barometer, 141 

Angle, critical, 200 

Anglo of contact, 157 

Angle of, prism, measurement of, 20U, 

242 

_ minimum deviation, 199, 200. 243 
Angstrom’s unit (A.U.)» 245, 503 
Angular and linear motion compareci, 

Angtilar, scale and vernier, i» 
simple harmonic motion, 126 

Anion, 432 
Anode, 432 


Antiratliod*'. 450 

Antilogarithniii- tobies, 500, 570-71 
Antinoilf, 167, 174 

Aperture, of mirror, 206 ; of lens, 212 
Ai)|iarent thickness, 202, 205 
Aijucotis vapour, 3IS, 563 
mass per litre, 322 
Arcliiinodes, princii)les of, 42 
Area, mcivsurement of, 27 
Armature, 450 
Arms of a balance, 12 

of Wheatstone’s bridge, 412 
conjugate, 413; ratio, 419 
Arrestment of balance, 12, 15 
Astatic combination, 470 
Atmosphere. 137 

aqueous vapour in, 31S, 322 
pressure of, 137-9; in absolute units, 
138. 143 
standard, 139 
Atom, 362 
Atomic energy, 302 
nucleus, 302 
number, 302, 606-7 
weight. 302, 504, 560-7 
Aln'ood, Ocorge, 109 
Atwood’s machine, 108 
pillar type, 109 
ribbon pattern, 111 
A.U., angstrom unit, 245, 503 
Avogadro's constant, 561 
Axes of rotation, 112-14, 118-19, 560 
Axiom, 191 

Axis, mng:netie, 327, 334 
Azimuth, 195 

Back E.M.F., 434 
Bakelite, 364, 550 
Balance, 12-16 
arms. 12 
ballistic, 103 
hydrostatic, 43-4 
mognetic, 346 
null method, 5-R 
spring, 96 
of Jolly, 97 

Wheatstone’s bridge, 412, 417, 421 
Ballistic balance, 103 

galvanometer, 451, 470, 478 
Bar, unit of pressure, 139 
pendulum, 135 
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Barometer, 138 
aneroid. 141 
Fortin’s, 139 
U-tube, 139 

Baromotor, correction for temperature, 
142 

Barton, E. H., 164, 170 

Base, time, 510 

Battery. See Cell 

Beam, Young's ModtiUis for, 01 

Bcat.s, 175. 185, 468. 638 

Bench, optical, 224 

Biclirotnate cell, 372 

Birge, Iiaijmor\d T., 559, 561 

Blackburn, H., 178 

Board of Tratle unit, 440 

Bohr, y., 362 

Boiling point or stenni point, 265, 268, 
272 

pure liquid. 271-2: solution, 272 
Bore of tube, men.surernent of 152, 269 
Box, Post-Oflico, 419 
Box, ro.sistance, 385, 488 
Boyle, Robert, 86, 145 
Boyle's Law, 137, 145, 149, 285 
Branly, E., 493 
Bridge, Carey Foster’s, 423 
Wheatstone's, 6, 411, 414 
Bright-emitter valve, 506 
British Imperial Measures, 560 
standard wire gauge, 504 
Bunsen burner, 294 
cell. 372 

photometer, 250 

e.G.S. units, 2, 10, 76, 106, 560 
Cadmium cell, 372 
Caignard de la Tour, 171 
Calculations, 6 

Calibration of. ammeter, 385, 481-2 
plnnimeter, 33 
spectrometer, 245 
spring, 96 
thermometer, 269 
Cnllendar's apparatus, 310 
Callipers, inside and outside, 17 
vernier, 19 
Caloric, 264 
Calorie. 264, 310 
gram or small, 286 
kilogram or large, 287, 440-41 
Calorifor, 290 
Calorimeter, 287 
Calorimetry, 286 

correction for radiation, 291 
Candle-power, 247 
Candle, standard, 247 
Capacitance, 463, 470 
Capacitor, 465, 470 
Capacity, electric, 368-9, 470 
Capacity, thermal, 286 
Capacity of condenser, 368, 470 
Capillarity, 150 


Cardboard, thermal conductivity of, 
307 

Caro of cells, 372 
magnets, 336 
thermometers, 265, 272 
weights, 14 

Carey Foster’s method, 423, 425, 426 
Cathetometer, 152 
Cathode. 432, 506 
Cathode Rays, 449, 504 
Cathode ray oscillograph, 179, 509 
tube, 509 
Cations, 432 
Caustic curve, 247 
Cell, electric, 253, 370, 371 

E.M.F. of. See Electromotive 
Force 

polarity of. 370, 374, 432, 490-01 
primary, 371 

resistance of. See Resistance 
secondary, 372, 405, 491 
Centimetre, the, 2, 10 
Centre, of gravity, 63, 65 
of inertia, 63, 65 
of oscillation, 134 
of .suspension, 134 
optic, 212 

Characteristic curves of a diode, 516 
triode, 520, 525 
Charge, electric, 363-4, 367 
and potential, 367 
space-, 504 

Charles, Law of, 281, 285, 341 
Chemical action in cell, 371, 395 
in electrolysis, 432 
eqmvalent, 432 
Choking coil or choke, 519 
Circle, Area of, 28, 32 
Circular current, 378, 381 
Clark ceU, 372 
Clocks. 24, 26 

Coefficient, of expansion, linear, 273, 
562 ; cubical, 277-8; apparent, 
280 : of gases, 280, 284-5 
of friction, 91 
of mutual induction, 447 
of thermal conductivity, 304, 305-9, 
562 

Coefficient, temperature, of resistance, 
427, 564 

Coherer, 493, 494 
Coil, Ruhmkorff’s, 448 
spinning, 452 
Coils for induction, 444 
Collimator, 241, 242, 245 
adjxistment of, 242, 245 
Colour, 239, 246, 248 
of thin films, 254 
Column, positive, 449 
Combustion, 362 
Commutetor, 383, 386, 462, 484 
Comparison of capacities, 470 
electromotive forces, 398, 401 
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Comporison of mognctio fields, 33S-0, 
340-44. 347- 348 
resistances, 42l)j 
Compass, beam, 17 
needle, 328 

Composition of forces, .>1 
of harmonic vibrations, 176 
of vectors, 51 
Coinponnd-windinfj, 455) 

Computation, graphic methods, 4, 5), 
65, 65) 

Condenser discharge, oscillatory nature 
of, 45)2 

Condenser, electric, 369, 447-8, 465, 

492 

electrolytic, 519 
optical, 237-8 

Conductance, 388, 392. 411 
Conduction, electric, 366 
Conductivity, electric, 416 
of a gas, 450 
thermal, 304, 670 
Conductor, electric, 363 
Conjugate arm.s of network, 413 
foci. 209, 214. 226-7 
Connecting an electric circuit, 372 
Consequent pole, 336 
Conservation of energy, 8, 11, 58, 77, 
97-99, 104-5, 310 
Conservation of momentum. 102 
Constant of galvanometer, 382-3, 475 
Constants, mathematical, 559 
physical, 561 
Contact angle, 157 
Continuous wave-trains, 495-9, 535 
detection of, 530, 539 
Control magnet, 477 
Controlling field, 476 
Conventions of sign. 100, 210, 545 
Cooling, Laws of, 297 
curve of, 291. 298, 299 
method of, for specific heat, 300 
Copper, electrochemical equivalent of, 
437, 564 

Corpuscular theon.', 254 
Correction factor of ammeter, 387 
for radiation, 291 
of steam point, 266 
Cosines, table of, 574-5 
Coitlomb, 335 
Coulomb, the, 433 
Couple or Torque, 114 
Coupling, transformer, 520 
Critical angle, 200 
Crookes’s tube, 449 
Crj’stal detector, 407-9, 502-3 
Current, electric, 371 

field of straight, 374 ; circular, 3/8, 

381 

induced, 444 

measurement of, 381, 408, 473 ; 

absolute, 475 
saturation, 505 


Cxirrent, thermionic, .504 
lieating elleet of, 440 
unit of, 381. 433. 473 
Curvuliiro, 3S. 207, 20S 

ineasureinent of, 38, 207, 208, 210, 
219 

of wavo-frt>nt, 212 
radius of. 36. 37. 206. 207, 208. 210. 
211, 217, 219. 225. 228. 548-9 
Cusp of caustic, 204, 205 

D.C., tlirect etirrcnf, 452-3, 459 
Damped wave-trains, 496-7 
Danicll, Aljreti, 176 
DatiicU.J. F., 319, 372 
Daniell cell. 372 
DanicU's hygrometer. 319 
Declination, magnetic, 363. 565 
Defieetion magnetometer, 337 
Deflection methods, 5 
Density. 36. 40. 184, 271, 561-2 
and temperature, 276, 278, 285 
relative, 40 

Detection of electro-magnetic radia¬ 
tions, 495-500, 538 
Detector, triodo as, 530 
Deviation, 198 

minimum. 199, 200, 239, 243, 298 
Dew point, 318 

Dewar’s vacuum vessel or flask, 287, 
296 

Diameter, measurement of, 46. 152, 
564 

Different iai wheel and axle, 82 
Diffraction grating, 257 
Dilatation, coefficient of, 275 
Dilatometcr, 280 
Dimensions, physical, 39 
Diode, 505, 516, 517 
Dioptre. 38, 207. 212, 545 
Dip, magnetic, 353, 356, 454, 565 
circle, 357 

Disk, moment of inertia of, 120, 560 
Displacement, a vector, 51 
effective, 68 
in 123 

Distance-piece, 224 
Drv cell, 372 
Duil-emittcr valves, 506 
D\Tiamical equivalent of heat, 264, 
310, 317 

Dynamic friction, 72-3 
Djmamics, 101 
Dynamometer, 313-4 
Dynamos, 456-461 
Dyne, the, 2. 76. 106 

Ear and eye estimations, 25 
Earth inductor, 454 
Earth, magnetic field of, 353 
Ebonite, 363 
Edison, 605 
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Efficiency, 77, 75) 
of electric lump, 443 
of motor, 462 
EinMein, 254, 362 
Elasticity, 86. 163, 561 
Electric clmrge, 363-4, 367 
current, 364, 381 
potential, 367 
Electricity, 363, 364 
resinous ( - ), 363 
vitreous ( + ). 363 

Electrochemical equivalent, 433, 564 
of hydrogen. 433, 564 
of copper, 437, 564 
of silver, 433, 564 
Electrodes, 432, 449 
Electrolysis, 432 
Electrolyte, 432 

Electrolytic bath, cell or vat, 432 
Electromagnet, 373-4 
Electromagnetic, induction, 444, 446 
machines, 456 
radiation, 493 

unit of rapacity, 470 ; current, 381 ; 
potential difference, 440-41, 457 ; 
resistance, 388 

Electromotive force. 372, 388, 395, 

444, 447, 452, 457 
forces, comparison of, 398 ; back, 
434 

oscillating, 448 

Electron, 254, 362, 364, 450, 504, 661 
Electron volt, 561 
Elect rophorus, 366 
Electroscope, 364 
condensing, 369 
Electrostatics. 363 
Elements, tablo of, 566-7 
Ellipse, area of, 35 
Emission of electrons, 504 
Emitter, bright and dull, 506 
Energy, conservation of, 8, 11, 77, 97- 
09, 104-5 
heat, 310-17, 440 
kinetic, 99, 104-5, 112, 114 
of strained body, 97, 99 
potential, 99, 104 
surface, 150 
units of, 2, 76, 97, 440 
Engine, 77 
Eqiiilibrant, 52 
Equilibrium, 51, 59 
Equivalence of mass and energj', 362 
Equivalent, chemical, 432 
electro-chemical, 433 
mechanical, of heat, 264, 310, 317 
water, 286 
Erg, the, 2. 76, 97 

Exercises, additional, electricity, 540 
heat, 323 
light, 260 
magnetism, 359 
properties of matter, 169 


Exercises, sound, 187 
Expansibility of gases, 137 
Expansion, linear, 89, 273, 562 
cubical, 277-8 
apparent, 280 
of gases, 280 
of liquids, 275 
Exponential law, 74, 298 
Exposure, photographic, 253 
Eye and ear estimations, 25 
Eye-lens, 22, 23, 231-2, 234 
Eye-ring, 233 

F. See Farad 

F.P.S. units, 2, 560 

Factor of galvanometer, 383, 389 

Farad, the, 470 

Faroilay, Slichacl, 363, 432, 444, 458 
Faraday, the, 433, 561 
Faraday’s Ice-Pail, 366 
Law, 444, 457 
ring transformer, 451 
Field, magnetic, 327, 328, 338 
earth’s, 330, 353, 355 
of bar magnet, 331, 333, 340 
of circular coil, 378 
of current, 373, 374, 378 
of single pole. 331, 339, 349 
of solenoid, 373 

Fields, comparison of magnetic, 339, 
343, 347 

Figure of merit of galvanometer, 477 
Filament, 506 
Fission, nuclear, 362 
Fixed points of thermometer, 266 
Flame spectra, 246, 563 
Fleming, Sir Ambrose, 457, 496, 506 
Fleming’s rules, 458 
Fletcher, IF. C., 106 
Fletcher’s trolley apparatus, 106 
Flicker Photometer, 248 
Fluorescence, 450-1 
Flux, luminous, 247 
magnetic, 444, 447 

Flywheel, Moment of Inertia of, 115-19 
Focal length, concave mirror, 206-7, 
209, 210, 219, 225 
convex mirror, 206-7, 210, 217-19 
lens, 211, 212, 219, 220, 222, 267, 

291 

concave lens, 213, 215, 220, 228 
convex lens, 213, 220, 226, 228 
Focal plane, 212, 234 
power, 212 

Focus, adjustment of, 23 
conjugate, 209, 214 
principal, 206, 211, 212, 220 
Foot-candle, 247 
Foot-pound-second units, 2, 660 
Force, 51, 53, 69, 76. 101 
in 125 

moment of, 69 
unit of, 76, 102 
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Force, magnetic, 327 ; Law ot, 3S1 ; 

tractive, 335 
Force Ratio, 78, 79 
Forces, composition of, 52-8 
parallel, C3 

Fortin’s Barometer. 139 
Fraunhofer lines, 249, 593 
Freezing point or Ice point. 2tir>, 297 
Frequencv, 123. 162, 194..->. 199. 171. 

175. 177. 492, 498, 501 
Fresnf], 254 
Friction, 171, 311 

between metal cones, 311 
correction for, 108, 110, 117 
in Callendar's apparatus, 313 
of rope over pulley, 74 
Frictional electricity, 393 
Fringes, diffraction, 257 
Fulcrtun, 90 

Fundamental pliysieal contacts, 591 
Funicular polygon. 99 
Fusion, Intent heat of, 292 

Galvanometer, ballistic. 451, 478 
constant of, 382-3, 475 
damping oscillations of, 48l 
dead-beat, 480 
factor of, 383, 389 
Helmholtz, 43!) 
low resistance, 477 
reduction factor, 383, 389 
resistance of, 3!)2, 418, 422 
sensitivity of, 475, 480 
shunt for, 329, 420 
suspended coil, 478 
suspended needle, 475 
tangent, 380. 381, 383, 473 
Gas constant, 285, 591 
Gases, 188, 137, 280, 592 
electric conductivity, 450 
expansion of, 281, 285 
Qaugain, 474 

Gauge, micrometer screw, 21 
Gams, Johann K. E., 353 
Gauss, the, 328 
Gearing wheel, 84 
Gee, W. W. Haldane, 380 
Generation of electrical oscillations, 
534 

Glass, electrical charge on, 363-4 
thermal cond»ictivity of, 309 
Glow, negative, 449 
Gold-leaf electroscope, 394, 368 
Gradient, temperature, 304 
Graduation of thermometer, .268, 270 
Gram, the, 2, 10, 76 
Gram-molecule, 285 
Graphic methods, 4, 9, 65, 69, 197, 
200, 226, 267, 550 
Statics, 69 

Graphs, 9, 131, 135, 245, 267-8. 291, 
298-9 

Grating, diffraction, 267 
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Grnvitv, acceleration due to, 7ti. 109, 
108, 111, 1,30. 131-3. 135-9 
Outre of, 93, 95 
Grease-spot Photiuneter, 25»t 
Grid, of a valvo, 509 
•bias, 508-9 
-cin'iiit, 533 

-coupling condenser, 534-5 
current, 507, 523 
potential, 507 
Grove cell, 372 
Gvm, electron, 510 

H. determination of. 353 

horizontal inagiietie field, 331,595 
the henry, 447 
Half-wave reetiheation, 497 
Haininer-break, 448 
Hard valves, 50!) 

Hare's apparatus, 49 
Harmonic vibrations, I7tj 
Harrnonogruph, 179 
Heat, as a form of energy, 294 
latent, 292, 294 

mechanical equivalent of, 294, 310, 
317, 440 

quantity of, 264, 289 
unit of, 289-7, 310 

Heating effect of electric current, 440- 
443 

Height, inensurcinent of, by barometer, 
142; by sextant, 195 
Helmholtz galvanometer, 439, 473-5 
Henry, the, 447 
Hertz, 449. 493 
Hertzian Waves, 483 
Heterod\mo beats, 538-9 
Hibbort^s Magnetic Balance. 349 
Hicks's Ballistic Balance, 103 
High-freqtiency oscillations (electrical), 
448, 492-5, 500-3, 534-9 
Hooke, Robert, 86, 254 
Hooke’s Law, 86, 88, 96 
Horizon, artificial, 195 
Horizon-glass, 194 
Horizontal component, 353 
Horse power. Sec Activity 
Hughes, 493 
Humidity, 318 

Huygens, Christian (1690), 254 
Hydrogen, electrochemical equivalent 
of. 433. 664 
Hydrometers, 46-8 
Hydrostatic balance. 43-4 
Hygrometry, 318, 321-2, 563 
Hj'psometer, 266-7 
Hysteresis, 511 

Ico, latent heat of fusion of, 292 
Ice-Pail, Faraday’s, 366 
Ice Point, 265, 561 
Hlumination, 247, 252 
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ImaRo, optical, 190, 191, 193, 545, 555 
rciil. 190. 208. 209. 213 
virtual, 190, 210, 213 
Inipcclanco, 463-4 
of \ alvp, 521-3 
Inc'lifiation. iVcc Dip 
Inclined plane, 56-7. 73-4 
solid rollinK on, 118 
In<lox jilafts, 194 
Induced currents, 444 
Inductance, 446 

Ituluction, electrostatic, 365, 367 
coil, 447 

olectromajjnotic, 444 
laws, 444-6 
mutual, 446 
self, 444. 448 
Inductor, 465 
Earth, 454 

Inertia, Moment of, 67, 112, 114, 354, 
560 

Insulator, 363 
Intensity, luminous, 247 
magnetic, 327, 505 
of illumination, 247 
of magnetisation, 355-C 
of sovind, 162 
source, 247 
Interrupter, 448-9 
Interval, musical, 165 
Ionisation effects in valves, 511 
in gases, 511, 513 
Ions, 432, 512 
Isothermal, 285 
Isotopes, 362, 566-7 

JoWj, 97, 283 

Jolv's Photometer, 251 

Joule, J. P., 264, 310, 317, 440, 442 

Joule, the. 2. 11, 76, 264, 310, 440, 441 

Joule's equivalent, 264, 310, 317 

Joule's Law, 440 

Hater's Pendulum, 135 
Kathode. See Cathode 
Kation. See Cation 
Kelvin, Lord, 285, 413, 430 
Kelvin, the, or kilowatt hour, 440 
Kelvin or Absolute scale of tempera¬ 
ture, 285, 561 

Kelvin’s method for galvanometer re¬ 
sistance, 413, 418. 422 
Kelvin’s Double Bridge, 430 
Keys, electric, 486 
Kilogram, 2, 10, 106 
Kilowatt, the, 440-41 
Kinetic energ>’, 99, 104, 112, 114 
Kinetic friction, 72 
Kirchhoff, Laws of, 394, 414, 431 
Kundt’s tube, 173 

Lag, 464 

Lamp, electric, 247, 249 

Pentane, 247. See Photometry 


Lantern, optical. 237 
Latent heat, 292, 294 
Lead, 464 
Least Count, 17 
Lcclanch^ cell, 372 
Lece, C. H., 306 
Lenard, 449 

Length, measurement of, 5, 6, 10, 11, 
16. 19, 23, 46 
unit of, 2, 5, 6, 560 
Lens. 211. 219. 278. 545-556 
converging, 211, 226 
diverging, 211 
{5’cc Focal Length) 
magnifjing power of, 230, 651 
projection, 237 
refractive index of, 222 
Lenz, law of, 452 
Lever, 60-62 
Leyden jar, 449, 492-3 
Limit, elastic. 86, 89 
Lines of magnetic force, 328, 373-4 
induction, 328, 444 
Link polygon, 69 
Lisaajou, J. A., 176, 179 
Lissajou's figures, 176, 179, 510 
Lodestone, 326 
Logarithmic law, 74, 298 
tables, 7-8, 568-9 
Logarithms, 10, 574 
Loudness, 162 
Lumen, 247 

Lummor-Brodhun Photometer, 251 
Lux, 247 

M.K.S. units, 2, 11, 76, 106 
Machines, 77, 108 
electric influence, 366 
Magnet. 326, 327, 336 
ball-ended, 327, 331 
bar, 327, 332, 335 
oscillating, 128, 347, 354, 376 
Magnetic action of current, 373 
axis, 327, 334 
balance, 346 
detector, 495 
elements, 565 
field, 327, 328. 374 
flux, 444 

meridian, 327, 334 
observatories, 565 
pole, 327, 331, 339 
Magnetite. 326 
Magneto-djTiamo, 461 
•machine, 459 
•motor, 461 

Magnetometer, deflection, 337, 376, 
379, 380, 382-3 
mirror, 337 
oscillation, 354 

Magnification, linear, 237, 552 
Magnifying power of lens. 230, 651-2 
microscope, 22, 231, 551-2 
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Magnifying power of telescope, 234, 
551.2 

Mains, lighting, 490 
Mance's method, 414, 418, 423 
Marcoyii, 495 
Mariotte, 137 

Ma&s, measurement of, 5, 6, 12 
unit of, 2, 10, 11, 560 
Mass nximber, 362, 566-7 
and weight, 12, 85, 106 
Mathematical Tables, .Appendix, 559 
Maxwell, Clerk, 5, 254, 327, 493 
Maxwell, the, 447 
Mayer, J. H., 264 
Mechanical, advantage, 78 

equivalent of heat, 264, 304, 310, 317 
powers. jSVe Machines 
Meldo’s experiment, lS5, 468 
Melting point, 270, 284, 299 
Mensuration, 559 
Mercury, angle of contact, 157 
capiliarity, 139, 151, 152 
Meridian, magnetic, 327, 334, 353, 382 
Metre. 2, 11. 23. 560 
Bridge, 414, 417 
Metric measures, 2, 560 
Microfarad, the, 470 
Micrometer eyepiece, 22, 153, 269 
screw, 20, 274 

Micromillimetro (lO'* mm.), 245, 563 
Microscope, 22, 203, 231 
micrometer, 22 

travelling or vernier, 22, 152, 269, 274 
Milliammoter, 384, 387 
Mirror, plane, 102, 553-4 

concave, 206, 208, 210, 225, 545, 
548.0 

convex, 206, 210, 217, 545, 548-9 
rotation of, 193, 337 
sphere on concave, 131 
Mixtures, method of, in electricity, 472 
in heat, 286 

Modulated wave, 498, 539 
Modulus, Bulk. 88 
of Elasticity, 86 
of Rigidity. 87, 93, 136, 561 
Young’s, 87, 88, 91, 92, 174. 561 
Mole or Gram-molecule, 285, 561 
Molecular, weight, 285 
Molecule, 151, 434 
Moment, of a force, 59, 60 

of Inertia, 67, 112, 114, 364, 660 
of Momentum, 112 
Moments, magnetic, 332-3, 351 
comparison of, 340, 343 
Momentum, 101 
Angular, 112, 114 
Conservation of, 102 
Electrical, 492 
Monochord, 181 
Motion, angular, 112, 114 
linear, 114 
Motors, 466-61 


Mxdtiple-electrode valves, 508 
Music. 162 
Musical scale, 164 
Mutual iiuluctiun, 544 


Napierian logarithms, 74 
Neon lamp, 246 
time base, 514 
tube, 513 

Xnirimntt, 444, 457 

Neutral point, 329, 331, 332, 375 

Neutron, 362 

yewlon, Nir lnaac, 239, 254 
the newton, 2, 106 
Newton’s Laws of Motion, 101-106 
Law of Cooling, 297 
rings, 255 

views of nature of light, 254 
Nicholson's liydrometer, 47 
Niehrome, 487-8 
Soakeyt, O. li., 190 
Node, 167, 174 
Non-conductors, 363 
Note-books, 4 
Null methods, 5 


Object glass or objective, 231, 234, 237 
Observatories, magnetic, 565 
Oersted, Hans Christian, 448 
Oerstetl, the, 328 
Ohm, the, 388 

coil, construction of, 426 
Ohm’s Law, 388, 411 

departure from, 496, 499 
Omega or ft. Nec Ohm 
Oncsti, 493 

Optic centre, 212, 546 
Optical bench, 224 
instruments, 230, 551 
lantern, 237, 552 

Optics, geometrical, 190, 191 ; Supple¬ 
ment, 545 
Ordinate, 9 

Oscillations of a magnet, 128, 347, 353- 
354, 376 

of a material body, 24-6 
of a quartz crystal, 26 
high-frequency electrical, 448, 492- 
495, 500-3. 534-9 
Oscillator, 534-7 

Oscillograph, cathode ray, 179, 609 
Oscilloscope, 609 


Paraffin-wax photometer. 251 
ParaUax. 17. 191, 265. 337, 364 
Parallel, resistances in, 391-2 
Parallelogram, of forces, 51, 56 


of vectors, 51 
Paraxial rays, 548 
Pendulum, Blackburn’s, 178 
Pendulum, Rater’s, 135 
Pendulum, Shortt’s, 26 
Pendxilum, simple, 24, 126, 129, 130 
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Pon<>ulum, compomicl, 127, 133 
siinplu 0 (jui\'aK‘iit, 133 
fni-sion, 128, 13*> 

Pentane lamp, 302 
Period, 123. 125.30, 133-0, ITO.jHl 
of osoillntinp mapiiot, 128, 347 
Periodic tnotion, 123, 120, 102, 103, 
171, ISO. 254 
Permeability, 447 
Pirrin, 44!) 

Phase, 123 

Plioto-eleetrieity, 253 
IMioto^ruphy, 240, 253, 328, 450 
Photometer, 248 
Bunsen’s, 250 
Flicker. 248 
IlluTidnntion, 252 
Joly's, 251 

Lviminer-Brodhun, 251 
Rumford's, 249 
Sunn’s. 251 

Pliofomelrv. 190, 247, 252. 253 
Photon. 254 
Physical constants, 561 
Pitch, of musical note, 162, 164-5, 184- 
185 

of screw, 20, 83-4 
Planck's constant, 254 
Planj, static inclined, 56 
focal. 212 
principal, 213 
Planiinefer, 29 
Plastics, 550 

Plotting magnetic fields. 328, 374, 378 
Pold’s c<nnnuitator, 582. 584 
Polarisation, 371, 308, 481, 556 
Polarity, tests for, 370, 374, 432, 480-01 
Polaroid, 556 

Pole, magnetic, 326, 327, 349-51 
of cell. 370, 374, 432, 490-91 
Polygon, link or funicidar, 69 
of forces, 53, 69 
Post-Oflice Box, 419 
Potential, 367 

difference. 369, 371. 535, 571 
divider, 407, 465 
Potentiometer, 400, 406, 407 
Pound, 2, 560 
Poundnl, 2 
Power. See Activity 
Power supply for A.C.. 510 
Power, Weight and, 85 
Press\ire, 42 

atmospheric, 49. 137, 266 
correction of boiling point for, 266-8 
definition of, 42 
in soap bvibble, 153 
of aqueous vapour, 318, 528, 563 
of gases. 137, 138, 339, 144, 149 
of liquid column, 48 
units of, 42, 175, 176 
vapour, 383 
Primary cell, 371, 372 


Primary coil, 444-8 
Principal plane, 212 
Prism, 198, 241, 242 
Projection, optical, 237 
Proton, 254, 362, 561 
Pulsatnnce, 124, 177, 462 

Quality of sound, 162 
Quantity of electricity, 366-7 
of motion, 101 
Quantum, 254 
Quartz, fused, 364 

R, the gn.s constant, 285, 561 
Radiating circuits, 50U-503 
Radiation, 254 
correction for, 291 
Radio. 494 
Radioactivity, 515 

Radius of curvature, 36, 37, 206, 217, 
219 

gyTation, 113 
mirror, 206 
Rainsden circle, 233 
Rato of cooling, 298 
Rate of working. See Activity 
Ratio, Force, 78 
Velocity. 78-9 
Ray of light, 190 
Ray, in-, 212 
out-, 211 

Rayleigh, potential divider, 408 
Rays, cathode, 449 
Rontgen, 450 
X-. 450 
Reactance, 463 
Reaction coil, 534 
Receiving circuits, 500-503 
Records of results, 4 
Rectification of A.C., 453, 496 
of oscillations, 495-500, 517-8 
Rectilinear figure, 27 
propagation, 191 

Reflection, at plane surface, 192, 553 
caustic by, 204 
from face of lens, 228 
Laws of. 192 
total internal, 200 
Refraction, at plane surface, 195 
caustic by, 205 

index of,'196. 198, 199, 201, 202, 
205, 221, 222, 563 
Laws of, 195 
through glass block, 197 
through prism, 198 
Regna^tJt, H. V., 266 
Regnault’s apparatus for specific heat, 
288-290 

hygrometer, 319 
Relativity, 362 
Residual charge, 492 
Resistance, 383, 388, 411 
box, 385, 488 
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Resistance, carbon, 489 
coil, 42G, 488 
frame, 489 
grid, 490 
high, 4^}0 

internal, of cell, 997, 402, 405. 40G, 
414, 418, 429 
lamp, 490 
low, 430 

of a cell, 395, 397, 414, 418, 423 
of a circuit, 388 
of galvanometer, 413, 418, 422 
of wire, 410, 417, 421 
specific. kSiC Resistivity 
temperature coerticient of, 427, 504 
unit of. See Ohm 
Wheatstone's, 489 
Resistances in series and in parallel, 

391 

comparison of, 429 
Resistivity, 410, 417, 4S7-8, 564 
Resistor, 383, 388. 411, 487 
Resolution of vectors, 35 
Resonance, 165, 500 
tube, 167 
Resultant, 51 
Retroaction coil, 535 
Rheostat, Sec Resistance an<l Resistor 
liichardson^ L. F., 121 
Rigidity, Modulus of, 87, 93, 13t>, 561 
Rings, Newton's, 255 
Robinson ray track apparatus, 190 
Bobimn^ John^ 171 
Rontgen rays, 450 
Root mean square, 463 
Rotation of rigid bo<ly, 59-00, 112, 114 
of mirror, 193 
Routh's rule, 560 

Rubber, thermal conductivity of, 308 
Ruhrnkorff's coil, 448 
Rumford's Photometer, 249 
Hutherjord^ Lord^ 362 

S.H.M, See Simple Harmonic Motion 

Sagitta of arc, 38, 252 

Saturation Vapour Pi'essuro, 31H, 563 

Scalars, 51 

Scale, musical, 164 

Scale of teinperat\n' 0 , 204*5, 285 

Screw, 83 

micromotor, 20-21 
Soarlo's oscillating needle, 348 
torsion balance, 155 
Second, moan solar, 2, 10, 11, 24 
Secondary cell, or accumulator, 3^0, 

372. 405, 491 
coil, 444.7 
Seebtekf L.f 171 
Self induction, 444, 448 
Sensibility, of balance, 16 
Sensitiveness, 0 

Sensitivity of galvanometer. 476 
Series, resistances in, 391 


Series.winding, 459 
Sextant, 194 
Shadow photometer, 249 
Shear, S7, 93 
Sliort-cin uiting, 372 
Shunt, gnlvnnomet<«r. 329, 420 
Sliunl-rnotor, 462 
Shunt-winding. 459 
Signs, in optical formulue, 190, 206, 
2liK 545 
Silica, 3t»4 

Silver, electrochemical cMiuivalcMit, 433, 
564 

Simple Harmonic Motion, 123 
Simpson's Rules, 28-9 
Sines, table of, 572-3 
Siren, 171 
Slide-rule, 8 

Slide-wire Rridge, 414, 417 
Slope, temperature, 3t)4 
Smoothing filter, 519 
Soap solution, 154 

surface tension of, 154, 155 
Soft valves, 309, 511-12, 515 
Solenoid, 373-4, 444 
Sonometer, 181 
Sound, 161-87 

Sources of light, 225, 239, 241, 242, 246, 
248-9, 556 
Spa CO-charge, 506 
Space, image, 553-3 
object, 553-5 
Spark, 448-9 
Spark spectra, 246 
transmitter, 498 
Spatial system, 553-5 
Specific Gravity or Relative Density. 
40 

bottle, 40 

by Archimedes’ principle, 44-8 
Specific Heat, definition, 286 
of solid, 287 
of liquid, 290, 300 
table of, 562 

Specific Resistonce, 416, 417 
table. 563 

Spectrometer, 240, 245 
Spectroscope, 240 
Spectrum, 239 
map of, 245 

Sphere, 36-39, 206-8, 559, 560 
Spherometer, 36-9, 208.5>, 222, 274 
Spring, calibration of, 96 
balance, 97 
energy of, 97 
oscillating, 129 
State, change of, 292, 294 
Static Friction. 72 
Statics, 51 

Steam, latent heat of, 294 
Steam Point, 265-8 
Stefan's Law, 297 
Stem Exposure, effect of, ioo 
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Trolley, P’letcher’s, 107 
Tuned electrical circuits, 500-503, 534- 
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Stcwari, Balfour, 380 
Straight current, 374 
Strain, 80 

Energy of, 97 
Stress, 86 

Strings, vibrations of. 180, 468 
Substitution, method of, 16, 23, 

390-91 

Super-cooling, 300 
Surface Tension, 46, 49, 139, 150 
Swan, William, 251 
Swan’s Photometer, 251 
Switch, 385, 486-7 
Symmetric points, 227, 238 

Tail, P. 0., 137 

Tangent galvanometer, 381, 473 
Tangents, table of, 576-7 
Telescope, 219. 234, 241-2 _ 
Temperature, absolute, 285 
and barometric height, 142 
and pressure, 280, 285 
and resistance, 427 
and the velocity of sound, 163 
menaureinent of, 264, 265 
Scale of. 264, 265 
gradient, 304 
slope, 304 

Tension, Surface, 46, 49, 139, 150 
Thermal capacity, 286, 562 
conductivity, 304, 562 
Thormionics, 504 
Thermocouple. 409. 410 
Thermoelectricity, 409 
Thermometer, calibration of, 269 
constant volume. 265-82 
fixed points, 266 
hydrogen, 265 
mercury in glass, 265 
platinum, 517 
weight, 279 
wet and dry bulb, 321 
witli arbitrory scale, 270 
Thermometry, 204, 265 
Thermopile. 409 
Thomson, Sir Joseph, 450 
Thomson, Sir William. See Kelvin 
Three-electrode valve, 506, 520, 534, 
536 

Thrust, 42-3, 71-2 

Time, measurement of, 5, 6, 10, 24, 130 
unit of, 2, 11 
Time-base, 510 
Torque. See Couple 
Tourmaline, 556 
Traces, vibration, 121 
Tractive force of magnet, 335 
Transformer, 407. 451, 465 
Transformer coupling, 529 
Translation, 114 
Transmitter, spark, 498 
Triangle of forces, 52, 55 
Triode, 506, 615, 520, 624, 534 


537, 538-9 

Tuning, notes on, 185 
Tuning-fork, frequency of, 169, 170, 

172 

Turn-table, 219 
Twisting a wire, 93-6 
Two-electrode valve, 505, 510 

Ult.n-violet light. 450 

U-tube barometer. 139 

U-tube method for specific gravity, 

48-9 

Undulatorv theory, 254 
Units, fundamental and derived, 10, 60 
dj'nainical, 76 
gravitational, 76 
systems of, 2, 10 
Upthrust, 42-3 
Uranium, 362 

V'acuum, production of, 26 
Vacuum tube, 246, 449-51, 605-11, 511- 
512 

Valency, 432-3 
Valve, oscillation. 496 
thermionic, 504 
two-electrode, 505 
tliree-electrode. 506-9 
Valves, hard and soft, 509, 511-12, 515 
Vaporisation, latent heat of. 294 
Vapour pressure, 318 
aqueous, 318, 322, 563 
Variables, 9 
Varies/, -*'^3 
Vectors, 51 

Velocity. 101, 104, 105 

angular, 112, 114, 116, 118 
of light, 561 

of sound, 163, 166, 168. 170 
of transverse waves. 180 
Velocity Ratio, 78-9 
Vernier, P., 17 
Vernier callipers, 19 
microscope, 22 
principle of the, 17 
Vertical magnetic force, 565 
Vibrations, 24-6, 107, 123, 126 

electromagnetic, 448, 492-5, 500-3, 
534-9 

forced, 166 
free, 166 
harmonic, 176 
longitudinal, 167 
of strings. 181 
resonance, 501-2 
stationary, 166, 181 
transverse, 180, 556 
Vibrator, 468 

traces. 121, 172-4 

Vision, least distance of distinct, 230, 
236, 551 
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Volt, the (V or v), 372, 38S 
\’olta's cell, 371, 395, 440 
Voltameter, 432 
Voltaniotor, hydrogen, 434, 430 
copper, 437 
\\>ltmeter, 403, 4K3 

internal resistance by, 404 
I'csistanco of, 4 S3 

\'olnino, measurement of, 8, 30, 45, SO 
of one mole, 5(U 
of a gas, 2SU, 435, 430 
units of, 50 
301) 

Wilcanite, 3U3 

Water, latent heat of, 292 
Water equivalent, 2K0, 290 
vapour, 318, 322, 5(i3 
Watt, tho (or w), unit of activity, 70, 
440*41 

Wave. 162, 163, 167 
Wave-form, 162 

Wave-length, 163, 165, 236, 258, 450 
table, 563 

Wave theory, 212, 254, 556 
Waves, electromagnetic, 450 
transverse, IHO, 468, 550 
Wave trains, 496*7 
Weber, tho, 447 
Weighing. 12, 15, 71, 184 
Weight and mass, 12, 85. 100 
Weight thermometer, 27U 
Weights, care of, 14 


Weston cell. 372 

Wet aiul drs hulb liygromoter, 321 
Wheatstone’s bri<lge, th 411, 471, 477 
Hlioostat, 4S9 

Wheatstone cominulator, 4sy 
Wheel niul axle, S2 
on inclined plane, 118 
W heel gearing, 84 
Wihon, ir., 241 
\Vi/nsliur.*ft, 3t)6 
11 Alejuntler, 102 
Work, or energy, 2, 8. 11,58, 77, 97, 310 
and lieat, 310 
clone by eou[>le, 311-12 
\init of, 2, n, 70, 97 
ineasurt*ment of, 58, 97-9, 112, 114, 
440*41 

X*rays, 430 

Yard, 23 

Youfuj, Thomas, 254 
Young’s Modulus, 87, 88, 91, 92, 561 
for a beam, 91 
for a cantilever, 92 
for a rod, 174*5 
fur u wire, 89 

Zero circle of plnnimeter, 32 
error, 19, 21, 267 

Zero of temperature scale, 2t>0, 501 
Absolute, 285, 297, 561 
Zero, working to a false, 13 
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